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In the last decade well known materials such as metals and silicon have emerged as 
new  materials  for  photonic  applications  leading  to  the  growth  of  two  important 
fields: plasmonics and silicon photonics. This thesis is divided in two parts with part 
I focusing on plasmonics, and silicon photonics are the target of part II. 
  Novel substrates exploiting plasmonic effects are currently the subject of extensive 
research in areas such as biological sensing, medicine, optical microscopy and nano 
photonics. Here a new class of silver impregnated polycarbonate substrates will be 
presented. The fabrication process using a supercritical impregnation technique will 
be described and the substrates morphologically characterised before being tested for 
Surface Enhanced Raman Spectroscopy and Metal Enhanced Fluorescence. These 
substrates exhibit an excellent plasmonic response and benefit from being flexible, 
robust, inexpensive and biocompatible. The demonstrated ability of post processing 
the nanocomposites provides an additional degree of design control for a wide range 
of applications. 
  In part II semiconductor modified microstructured optical fibres (MOFs) will be 
presented.  The  combination  of  semiconductor  materials  within  microstructured 
optical fibres can lead to highly engineerable devices with wide control over both 
photonic  and  electronic  properties  for  both  linear  and  non linear  photonic 
applications. The presented fabrication process consists of a high pressure chemical 
vapour deposition method which allows for conformal inclusion of materials such as 
silicon and germanium within the extremely high aspect ratio pores of MOFs. The 
deposited  material  is  structurally  characterised  using  SEM,  TEM  and  Raman 
spectroscopy demonstrating good quality amorphous and polycrystalline growth. The 
project then focuses on investigating the use of these fibres for silicon photonics 
applications.  Loss  measurements  performed  on  a  range  of  samples  reveal 
transmission losses potentially compatible with a wide range of non linear photonic 
devices. 
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Chapter 1 
1.Introduction 
1.1  Manipulating  and  controlling  light  on  a 
“small” scale 
 
Figure 1.1  Narcissus by Caravaggio. The painter was famous for his use of 
light.     1. Introduction 
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In 1960 the important new field of photonics started with the advent of the first laser, 
for which Townes, Basov and Prokhorov won the Nobel Prize in Physics in 1964. A 
few years later, in 1970, the first optical fibre for telecommunication was fabricated 
and  a  new  technological  era  based  on  photonic  devices  started.  Since  then 
generating, controlling and detecting photons has meant engineering materials on a 
“small”  scale.  Specifically  this  can  be  achieved  by  combining  knowledge  of  the 
materials optical properties, such as refractive indexes, with the ability to engineer 
structures  on  a  micrometre  down  to  nanometre  scale.  This  process  of  material 
manipulation has led to the discovery of new photonic applications for materials 
traditionally used as conductors or semiconductors. 
Noble  metals  such  as  silver  and  gold  have  been  “reinvented”  for  photonic 
applications and are currently the subject of extensive research in light manipulation. 
In fact, light can be coupled with the electronic cloud in a metallic material so that 
the electrons start vibrating at an optical frequency (plasmon) and propagate along 
the metallic surface. Moreover, when the metal has dimensions comparable with the 
wavelength of light then the vibration is localised and the metallic nanoparticle acts 
as  a  nanoantenna,  enhancing  the  local  electromagnetic  field  by  several  orders  of 
magnitude. This effect has laid the foundation for the establishment of plasmonics. 
Surface Plasmon resonances excited on metal nanoparticles are of great interest for 
applications including molecular sensing, medicine, optical microscopy and nano 
photonics.  
Semiconductor  materials  such  as  silicon  have  dominated  electronics  for  decades, 
with a very well established, multi billion dollars manufacturing infrastructure. In the 
last  decade  silicon  has  also  been  “rediscovered”  as  a  material  for  photonics  and 
silicon optical interconnectors are believed to be the best candidate for replacing 
modern  copper  interconnectors  [1],  which  are  now  the  limiting  factor  for  the 
development of new on chip devices, both in terms of dimension and performance. 
Ultracompact  lightwave  circuits  to  be  implemented  on  chip  require  strong  light 
confinement,  which  is  guaranteed  by  a  high  refractive  index  of  the  waveguide 
material.  Ideally optical signals need be at telecom wavelengths in order to ease 
interfacing  with  optical  fibre  technology,  so  transparency  in  the  infrared  is  also 
essential.  Silicon  not  only  satisfies  these  requirements,  but  its  high  non linear     1. Introduction 
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refractive  index  allows  also  for  non linear  optical  processing  and  non linearities 
engineering  [2].  More  importantly,  its  compatibility  with  pre existing  technology 
allows for the possibility of low cost production enabled by monolithic integration, 
which is of great interest for large scale production. 
The key to exploiting these well established materials for new applications is the 
ability to engineer smaller and smaller structures to modify their optical properties. 
Fabricating new structures can use two main approaches: top down and bottom up 
techniques.  The  first  approach  consists  of  etching  or  growing  a  material  and  is 
normally used to realise complex planar structures, but it can require considerable 
effort to obtain features with scale below a hundred nanometres. Alternatively, the 
bottom up approach employs a pre formed template to host the desired material. By 
using  a  tailored  fabricated  template,  this  technique  is  less  restricted  in  terms  of 
available  materials  and  possible  geometries.  Moreover,  structured  pre existing 
devices can be used as canvases to integrate specific materials leading to hybrid 
devices and tailored properties. 
For example, structures like photonic crystals have been developed and applied to 
optical fibres. Optical fibres have been modified with tiny holes running along their 
entire  length  to  create  microstructured  optical  fibres  (MOFs).  These  fibres  can 
exhibit novel optical properties such as broadband single mode guidance and high 
nonlinearities, but most of all their parameters can be engineered by modifying the 
cladding lattice structure. Prior to this, dopant materials such as erbium have been 
introduced  in  the  silica  glass  leading  to  the  first  erbium  doped  fibre  amplifier 
(EDFA), which enabled signals to be amplified optically,  removing the need  for 
electronic repeaters in long haul data transmission. The hollow pores of the MOFs, 
however,  could  represent  a  potential  template  for  the  deposition  of  functional 
materials, enabling other operations. 
In general, photonics consists of engineering materials on a scale which is “small” 
enough to be comparable with the optical wavelength, i.e. down to a few nanometres. 
This  thesis  will  show  two  examples  of  how  to  exploit  hybrid  properties  and 
integrated technologies by embedding different kinds of materials (semiconductors     1. Introduction 
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and metals) both in a planar configuration and in microstructured optical fibres for 
novel photonic devices. 
1.2  Thesis Structure 
This thesis consists of two parts: the first part presents a new class of plasmonic 
substrates,  whilst  the  second  describes  semiconductor  modified  microstructured 
optical fibres.  
Part I introduces plasmonic materials. The mechanism of light coupling with the 
electronic cloud trapped on metal surfaces will be described in Chapter 2 using a 
classical  Drude  model  as  the  starting  point.  Furthermore,  the  dependence  of  the 
resonance  wavelength  on  the  size,  shape,  local  dielectric  environment  and 
interparticle  spacing  will  be  discussed  as  it  enables  engineering  of  the  metal 
nanoparticle  substrates  to  target  specific  requirements.  Surface  enhanced  Raman 
spectroscopy (SERS) and metal enhanced fluorescence (MEF) will also be described 
focusing on the elements that are relevant for the experimental results described in 
Chapter 4. 
In Chapter 3 silver polymer nanocomposites will be presented as a new class of 
plasmonic  substrates.  Firstly  the  fabrication  process  of  the  substrates  will  be 
described  followed  by  the  characterisation  of  these  nanocomposites  using 
transmission  electron  microscopy  (TEM),  energy  dispersive  X ray  (EDX), 
absorption and reflectivity measurements and prism coupling technique.  
In  Chapter  4  our  substrates  will  be  shown  to  give  excellent  responses  both  for 
surface enhanced  Raman  spectroscopy  and  metal enhanced  photoluminescence 
applications. These substrates exhibit a number of key features such as temporal 
stability  and  mechanical  flexibility.  Moreover,  the  ability  to  post process  such 
substrates will be demonstrated adding a further degree of freedom in the design of 
future devices.  
Chapter 5 concludes the first part with a summary and a discussion about potential 
future works.     1. Introduction 
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Part II is focused on pioneering work in semiconductor modified optical fibres for 
potential applications in telecommunications. In Chapters 6 and 7 optical fibres and 
semiconductors will be introduced, respectively. Specifically in Chapter 6 the basic 
mechanism  of  guiding  light  within  step  index  optical  fibres  will  be  described 
together with the relevant coupling parameters. Transmission losses and non linear 
behaviour will be discussed starting from the non linear Schrödinger equation. The 
chapter concludes with an overview on microstructured optical fibres. 
In Chapter 7, semiconductor materials are described in terms of their electronic and 
crystal  structure,  with  a  focus  on  silicon  and  germanium.  This  section  will  then 
examine the emerging field of silicon photonics reviewing some of the recent work 
on crystalline and amorphous silicon devices reported in the literature.  
MOFs  and  semiconductors  will  then  be  merged  in  Chapter  8  presenting 
semiconductor modified optical fibres. The fabrication technique based on a high 
pressure deposition method will be described and will show how the tiny pores (~5 
 m diameter) of a microstructured optical fibre can act as a chemical chamber in 
which silicon and/or germanium semiconductors can be integrated. This will enable 
new  photonic  and  electronic  functionality  in  the  fibres,  paving  a  way  to  a  new 
generation  of  all fibre  optoelectronics.  The  structural  characterization  of  the 
deposited materials using scanning electron microscopy (SEM), TEM and Raman 
spectroscopy  will  be  presented  together  with  previously  published  field  effect 
transistor (FET) measurements. 
In  Chapter  9  experimental  results  on  transmission  loss  measurements  will  be 
presented  for  a  range  of  amorphous  and  polycrystalline  silicon  deposited  in 
capillaries with diameter of ∼6 µm and ∼1 µm. The obtained results are promising 
for applications in a wide range of photonics devices, from optical modulators to 
Raman amplification. 
Chapter  10  will  summarise  the  results  presented  in  Part  II  and  will  discuss  two 
potential directions for future works and applications. 
Finally Chapter 11 will conclude this thesis, collating the work of both Part I and II.     6 
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PART I  
Plasmonic materials 
 
Figure I-1  Plasmon oscillations at the dielectric metal interface.  
Plasmons are collective oscillations of the free electron density typically at optical 
frequencies. When a metal is irradiated, the electromagnetic fields of the incident 
light  induce  a  displacement  in  the  electronic  cloud,  which  results  in  an  optical 
absorption,  and  then  a  polarisation  state.  Under  specific  conditions,  this  state 
propagates in the form of a plasmon along the metal surface and the polarisation is 
induced in the surrounding medium.  
+  +  +  -  - 
E 
Metal                  n2
2 < 0 
Dielectric             n1
2 > 0 
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Propagating surface plasmons (which exist on noble metal thin films on a dielectric) 
and  localised  surface  plasmons  (noble  metal  nanoparticles  surrounded  by  a 
dielectric) have been extensively studied in the last three decades, being of great 
interest  for  applications  including  molecular  sensing  [3],  optical  microscopy  [4], 
medicine [5] and nano photonics [6]. In particular, the research work described in 
this part of the thesis is focused towards the development of a new class of plasmonic 
substrates for sensing applications.   
Most plasmonic devices have been created using gold, resonant in the red, and silver, 
resonant in the UV blue, but some have also been made using copper and aluminium. 
In particular, silver shows superior plasmonic properties to other noble metals [7], 
but  it  is  often  overlooked  for  plasmonic  substrates  due  to  its  strong  affinity  to 
oxidation, and hence poor temporal stability. The embedding of nanoscopic metal 
structures into polymeric matrices, as demonstrated here,  represents a  convenient 
way  to  stabilise  a  controlled  dispersion  of  protected  nanoparticles.  Supercritical 
carbon dioxide (scCO2) has been used to produce silver nanoparticles in optically 
transparent  polycarbonate  (PC)  matrices  allowing  for  a  fine  scale  dispersion  of 
particles to be produced within a prefabricated polymer component. These substrates 
can offer significant benefits over more conventional plasmonic substrates as they 
are cheap, flexible, mechanically robust and temporally stable. Moreover the use 
polycarbonate  as  embedding  material  makes  them  potentially  biocompatible  [8], 
which is of interest for potential bio sensing applications.  
The  substrates  will  be  shown  to  yield  excellent  SERS  responses  for  both  4 
aminothiophenol and rhodamine 6G target molecules and have also been investigated 
for metal enhanced photoluminescence of a blue emitting dye molecule (coumarin 
102)  using  simultaneous  time  and  spectrally  resolved  photoluminescence 
(Chapter 5).  Post processing  the  films  via  simple  etching  techniques  provides  an 
additional degree of design control and the potential to fabricate devices with unique 
excitation and detection geometries for a wide range of applications. 
  
    9 
Chapter 2 
2.Metal Nanoparticles 
 
Figure 2.1  Stained glass in Notre Dame, Paris. Metal nanoparticles embedded 
in the glass scatter light at different frequencies giving a range of colours [9]. 
The  optical  properties  of  metal  nanoparticles  have  been  known  for  centuries  by 
artists who have used them to create stained glass (Figure 2.1). These artists learnt to 
colour  glass  by  adding  metal  salts  and  oxides,  so  that  it  would  capture  specific 
portions from the spectrum of white light allowing the human eye to perceive various 
colours.      2. Metal Nanoparticles 
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In the last few decades scientists have investigated these optical properties in depth 
and now can explain the observed behaviour. In particular, the observed colour, a 
combination of absorption and scattering of light, depends on the size and shape of 
the metallic nanoparticles, the index of the surrounding material, and also on the 
concentration  of  the  particles  (particle  interactions).  A  new  branch  of  physics, 
plasmonics,  was  born.  Using  this  knowledge  the  properties  [of  what?]  can  be 
controlled and tailored, finding application from optical filters [10, 11] to barcodes 
[12]. 
In this chapter propagating surface plasmons will be introduced in order to better 
understand localised surface plasmons (LSP) associated with metal nanoparticles, 
which will be studied in more detail in Section 2.2. For the study of localised surface 
plasmons, Mie theory describes the scattering of electromagnetic radiation by small 
particles  starting  from  Maxwell’s  equations  and  is  generally  used  to  provide  an 
analytical  description  of  the  field  distribution  around  a  spherical  nanoparticle 
irradiated  with  light.  However  Mie  theory’s  formalism  can  be  quite  extensive. 
Alternatively, the Drude model, which classically describes free electrons transport 
properties in a metal, is also used as classic approach to analytically describe the 
plasmonic  peak  position,  width  and  medium  dependence  when  an  analytical 
expression of the field distribution around the nanoparticle is not necessary. This 
model  is  mathematically  not  “exact”,  but  as  it  is  free  from  heavy  mathematical 
formalism it has the advantage of representing the physics in a more intuitive way.   
Here,  localised  surface  plasmons  will  be  investigated  using  the  Drude  model  to 
theoretically describe the optical properties of plasmonic nanoparticles embedded in 
a dielectric material. It will be shown how a metal nanoparticle can behave like an 
antenna  resonating  at  a  specific  wavelength  (plasmon  resonance).  The  plasmon 
resonance will be shown to be tunable by changing parameters such as the size and 
shape of the metal nanoparticle. The interaction between adjacent particles also plays 
an important role, generating an even stronger enhancement of the electromagnetic 
field at the nanoparticles interspace (hot spots). Consequently optical processes in 
close  proximity  to  the  nanoparticles  can  be  enhanced.  Surface  enhanced  Raman 
spectroscopy and metal enhanced fluorescence will be investigated in Sections 2.3 
and 2.4 respectively.      2. Metal Nanoparticles 
      11
Figure  2.2    Intensity  of  the  electromagnetic  field  at  the  dielectric/metal 
interface.  The  mode  is  confined  at  the  interface  and  decays  exponentially 
moving away from the surface. 
2.1  Surface Plasmons  
In a metal the electrons are quasi free particles dislocated in a type of cloud, known 
as a plasma. These electrons oscillate at a specific frequency, usually at UV visible 
wavelengths, which is referred to as the plasma frequency. 
When irradiated with light, the optical electromagnetic field couples into the plasma 
which starts to vibrate at optical frequencies, inducing a polarisation state. If the 
metal has a negative dielectric constant (gold, silver, copper etc.) and the surrounding 
medium  has  a  positive  dielectric  constant  (air,  water,  polymers  etc.)  this  state 
propagates as a quasi particle called a plasmon along the metal surface.  
Mathematically these conditions arise from solving Maxwell’s equations under the 
appropriate boundary conditions [13] to obtain the dispersion relations: 
2 1
2 1
ε ε
ε ε ω
+
= ′ ′ + ′ =
c
k i k k z z z  ,                                           (2.1) 
ε1>0  Re[ε2]<0     2. Metal Nanoparticles 
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where ω is the electromagnetic field frequency in free space,   is the dielectric 
constant of the dielectric (real and positive) and   is the dielectric constant of the 
metal,  generally  complex,  so  that  2 2 2 ε ε ε ′ ′ + ′ = i .  For  a  bound  mode,  kx  must  be 
imaginary  so  2 1 ε ε +   must  be  negative,  and  z k′  must  be  real  (hence  0 2 < ε ), 
consequently the condition 
1 2 ε ε − < ′                                                     (2.3) 
is required for a propagating plasmon to exist. 
The plasmon is therefore confined to the surface of the metal and propagates along 
the metal dielectric interface for a distance that depends on the material losses ( 2 ε′ ′ ). 
If  we  consider  SP SP x SP k i k k k ′ ′ + ′ = = ,  the  propagation  length  δSP  is defined  as  the 
distance where the intensity ( ) 2 exp( z k I SP SP − ∝ )[13] is reduced by a factor 1/e and 
is inversely proportional to the imaginary part of the momentum  SP k ′ ′  according to 
the following: 
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δSP for silver is in the order of ten to hundreds of microns in the visible and goes up 
to a millimetre in the infrared [14].   
Perpendicular to the surface the field decays exponentially both in the dielectric (δ1) 
and in the metal (δ2), with a characteristic constant expressed by; 
2
1 2
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ε ε
ω
δ
+ ′
=              i=1,2                            (2.5) 
which is generally of the order of 20 30 nm in the metal (skin depth) and of the order 
of a few hundred nanometres in the dielectric [3].     2. Metal Nanoparticles 
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The possibility of trapping light in sub wavelength structures exploiting propagating 
surface plasmons has already been investigated [14]. The propagation length is in 
fact more than enough to be used in miniaturised components and devices [15, 16] so 
information  can  be  carried  optically  through  plasmons.  Waveguides  [17 20]  and 
other structures [21, 22] supporting propagating SPs have also been investigated, for 
example  an  interesting  application  is  the  possibility  of  adiabatically  focusing 
plasmon energy using tapered metal waveguides [23] for enhancement of nonlinear 
effects [24] amongst other applications [25].  
2.2  Localised Surface Plasmons  
In the case of a metal nanoparticle (dimension ~5 100 nm) the plasmon is confined 
to the particle and will radiate an electromagnetic field characteristic of the dipolar 
plasmon resonance. This radiation is characterised by a spatial energy distribution 
where energy density is higher in some areas surrounding the particle so that any 
molecule in those areas experiences an enhanced local electromagnetic field.  
Figure 2.3  Schematic of localised surface plasmons. LSPs consist of a periodic 
oscillation of the electronic cloud on the surface of the particle induced by the 
incident radiation [26]. 
Electromagnetic theory explains why plasmons occur only in nanostructures in the 
range of 5 100 nm. In bigger structures the excitation beam can pump non radiative 
higher order multipole plasmons, decreasing the efficiency of the dipolar plasmon 
pumping. For smaller (<5 nm) nanoparticles the effective conductivity of the metal 
e
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nanoparticles decreases as a result of electronic scattering processes at the particles 
surface  and  the  pseudo bulk  description  implicit  in  the  definition  of  surface 
plasmons, no longer applies [7]. 
In the case of a metal nanoparticle, the dimension is smaller than the wavelength of 
light  so  that  the  polarisation  is  localised  into  the  whole  particle  which  starts  to 
behave as an antenna. Consequently the electromagnetic field in the vicinity of the 
particle is greatly enhanced so that any material close to the metal nanoparticles can 
experience an enhancement of the energy density induced by the metal surface. 
As previously discussed, this process is formally described through the absorption 
and scattering by a sphere, known as Mie theory [27]. This theory provides an exact 
solution and consequently computational tools to predict the distribution of energy in 
the case of a perfect sphere.  For a qualitative analysis, however, an electrostatic 
approximation provides a good model for our problem [I’m not sure that you’ve 
explained  what  the  problem  is]  and  at  the  same  time,  provides  a  more  intuitive 
approach to the physics behind it. In this approximation a metal particle in an electric 
field is described as a dipole, where the negative charges are displaced from the 
positive charges.  
The electrostatic model will provide an estimation of the LSP frequency and will 
show how a localised surface plasmon depends on the material of choice (both metal 
and surrounding medium), but also the diameter and shape of the particle.  
2.2.1  The electrostatic model 
Metal nanoparticles have diameters typically in the range 1 nm to 50 nm, while the 
light used to excite the localised surface plasmons is in the region 350 nm to 800 nm. 
It  is  therefore  justified  to  consider  a  quasi static  approximation  for  the 
electromagnetic field.  
In  an  electrostatic  approximation  a  metal  nanoparticle  having  a  diameter  of  2R, 
irradiated by light with a wavelength λ > R can be considered as a homogeneous,     2. Metal Nanoparticles 
      15
isotropic sphere, dielectric constant εs, immersed in a medium (εm) and irradiated 
with a uniform electric field z E Em ˆ 0 =
r
 (Figure 2.4).  
Figure 2.4   Schematic of metal nanoparticle in uniform electromagnetic field. 
The presence of the metal sphere will distort the electric field so that [27]: 
s s E Φ −∇ =
r
                     for r < R                   (2.6) 
m m E Φ −∇ =
r
                     for r > R                   (2.7) 
where  s E
r
 and  m E
r
 are the electric fields and  ) , ( ϑ r s s Φ = Φ  and  ) , ( ϑ r m m Φ = Φ  are 
the  scalar  potentials,  respectively,  in  the  sphere  and  in  the  medium.  For  the 
cylindrical symmetry of the problem the scalar potentials are independent from the 
azimuthal angle.  
For continuity they must satisfy: 
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whilst at large distances from the sphere the field will be unperturbed, so: 
z E r E m r 0 0 cos lim − = − = Φ
∞ → ϑ  .                                     (2.9) 
It is possible to verify  that the following  functions are solutions to Eq.(2.6) and 
Eq.(2.7) and satisfy the boundary conditions of Eq.(2.8) and Eq.(2.9)  
0 E
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Now  it  can  be  seen  that  the  scalar  potential  Φm  in  Eq.(2.11)  results  from  the 
superposition of the applied field (first term) and a second term due to the presence 
of the nanoparticle. The latter can be rewritten in terms of the potential of an ideal 
dipole 
2
0
3
0 4
cos
4 r
p
r
r p
m m
dipole ε πε
ϑ
ε πε
=
⋅
= Φ
r r
 ,                              (2.12) 
where z qd p ˆ ⋅ =
r
 is the dipole moment of two charges q and –q separated by distance 
d. By comparing Eq.(2.11) and Eq.(2.12) we see that the nanoparticle contributes to 
the field in the surrounding medium as a dipole [27]: 
0
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0 0 2
4 E R E p m
m s
m s
m
r r r
ε
ε ε
ε ε
πε αε
+
−
= =  ,                          (2.13) 
where 
m s
m s R
ε ε
ε ε
πε α
2
4
3
0 +
−
=  is the polarisability.  
The resonant condition will be satisfied when  m s ε ε 2 +  takes the minimum value, 
so considering that  ) ( ) ( ) ( ω ε ω ε ω ε ε s s s s i ′ ′ + ′ = =  the resonant condition is satisfied 
for: 
0 2 ) ( ' = + m s ε ω ε  .                                           (2.14) 
Here the frequency dependence of the medium dielectric constant has been neglected 
as it varies slowly compared with the metal dielectric constant. Only metals such as 
silver, gold or copper, having negative values of  ) (ω εs ′  in the visible spectrum can 
satisfy the resonant condition at convenient wavelengths. Also, from the resonant 
condition, it follows that the metal losses ( s ε ′ ′ ) contribute to the intensity of the 
polarisation vector and therefore to the intensity of the resonant peak.     2. Metal Nanoparticles 
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One of the main effects of the resonantly enhanced polarisation is the enhancement 
of the absorption and scattering of the metal nanoparticle. In fact it is possible to 
obtain the absorption and scattering cross section σabs and σsca from the expression of 
the polarisability α as below [27]: 
{ }

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



+
−
= ⋅ =
m s
m s
abs kR k
ε ε
ε ε
πε α σ
2
Im 4 Im
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0  ,                       (2.15) 
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−
= ⋅ =  ,                          (2.16) 
where it is clear that both are enhanced at the LSP resonant condition. The extinction 
cross section  ) ( ) ( ) ( ω σ ω σ ω σ sca abs ext + =  can be calculated and written as [28]: 
2 2
2 / 3
0 ) ( )] ( 2 ) ( [
) (
9 ) (
ω ε ω ε ω ε
ω ε
ε ε
ω
ω σ
s m s
s
m ext V
c ′ ′ + + ′
′ ′
=  ,               (2.17) 
where V is the nanoparticle volume. The extinction coefficient therefore also has a 
resonance peak when  m s ε ε 2 − = ′ . The sharpness of the resonance is determined by 
the  imaginary  part  of  the  dielectric  function,  s ε ′ ′ .  The  lower  s ε ′ ′   value  of  silver, 
compared with other metals [29], makes it in theory the best candidate for plasmonic 
applications. 
2.2.2  LSP resonance: medium dependence 
According to the Drude model, which describes the “free electrons” behaviour in 
metals, the dielectric function ε for free electrons can be expressed as: 
 
γω ω
ω
ε
i
p
+
− = 2
2
1  ,                                          (2.18) 
where  p ω   is  the  plasma  frequency  and  γ  is  the  electronic  scattering  rate  of  the 
material, which is the inverse of the electronic mean free path; this parameter will be     2. Metal Nanoparticles 
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discussed more in detail in Section 2.2.3. The plasma frequency is also a defining 
characteristic of the metal being written as: 
0
2
ε
ω
m
e ne
p =   ,                                             (2.19) 
where ne is the density of free electrons in the metal, and m and e, respectively, are 
the effective mass and charge of the electron. 
In the approximation of negligible losses (γ « ω) [30], the Eq.(2.18) can be separated 
in real and imaginary part as: 
2
2
1 '
ω
ω
ε
p − ≅  ,                                                (2.20) 
3
2
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ω
γ ω
ε
p ≅  .                                                (2.21) 
Comparing the Eq.(2.20) with the resonant condition in Eq.(2.14) it is possible to 
obtain an estimation of the surface plasmon resonance frequency as a function of the 
plasma frequency: 
m
p
SP
ε
ω
ω
2 1+
≅  .                                           (2.22) 
This relation shows how the surface plasmon resonance is related to the choice of the 
metal and the surrounding medium. In the case where air is the surrounding medium 
then  1 = m ε  and  3 ) ( p SP air ω ω ≅ . 
2.2.2.1  Bound electrons correction 
The Drude model takes into account only the free electrons as they move in a fixed 
system  of  positive  ions,  but  in  reality  the  bound  electrons  also  contribute  to  the 
optical properties of the free  electrons. Eq.(2.20) can be  rewritten to include the 
bound electron contribution εb to the dielectric constant as:     2. Metal Nanoparticles 
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2
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ω
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ε ε
p
b − + ≅  .                                           (2.23)  
 
Figure 2.5  Dielectric constants (experimental measurements) as a function of 
energy  for  silver  (left)  and  gold  (right).  The  line  width  of  the  curves  is 
representative of the instrumental error [29]. 
The bound electron contribution is positive and a function of the frequency. It can be 
determined by the difference between experimental measurements of the dielectric 
constant and theoretical data. In silver, for example, the bound electron contribution 
is responsible for the peak in the experimental function ε′ around 4 eV (see Figure 
2.5) and shifts the experimental plasma frequency (defined as the frequency ω for 
which ε′=0) and therefore the surface plasmon resonance to a lower energy. 
2.2.3  LSP resonance: size dependence 
Experimentally a shift in the LSP resonant frequency has been observed when there 
is a change in the diameter of the spherical nanoparticle [31, 32]. Mathematically this 
is not directly evident in the electrostatic model, where a dependence on R is only 
exhibited  in  the  polarisation  peak  intensity,  as  shown  in  Eq.(2.13).  The  size     2. Metal Nanoparticles 
      20
dependence of the resonance is generally introduced by considering a size dependent 
dielectric constant εs=εs(ω,R) [32]. In the Mie theory [27], this shift is accounted for 
in terms of a higher order of approximation of the resonant condition, so that the 
Eq.(2.14) has to be modified as follows: 
m s R x R ε ω ω ε  

 
 + − = ′ ) , (
5
12
2 ) , (  ,                               (2.24) 
where x=kR is the size dependent parameter and k is the wavevector (k=c/ω=2π/λ). 
So, the electrostatic approximation, where R«λ and then  0 → x , is a particular case. 
Eq.(2.24) also indicates that if ε′ is an increasing function with the frequency then 
an increase in size will shift the plasmonic peak towards longer wavelengths.  
Another  experimentally  observed  size  dependent  parameter  is  the  width  of  the 
plasmonic  peak,  which  is  given  by  the  electronic  scattering  rate  γ  [32].  This 
parameter is generally connected with bulk scattering processes and determines the 
electron lifetime, but as soon as the size of a nanoparticle shrinks down to a length 
comparable  with  the  electron  mean  free  path  (order  of  tens  of  nanometres),  the 
interaction of the electrons with the surface becomes important.  
The contribution to the scattering rate is essentially determined by the volume to 
surface ratio, therefore the 1/R dependence of the modified parameter γ is given by: 
R
AvF + = 0 γ γ                                              (2.25) 
where γ0 is the bulk damping constant, vF is the electrons velocity at Fermi energy 
and A is a constant which depends on the theory [31, 33]. 
2.2.3.1  Higher orders SP modes 
By increasing the size of a spherical nanoparticle, modes of a higher  order than 
dipole (quadrupole, etc) are possible [26] which can generate plasmonic peaks at 
shifted frequencies compared with the fundamental. It is possible to demonstrate that 
a general solution to Maxwell’s equations (Eq.(2.6) and (2.7)) has angular solutions 
which are just spherical harmonics and a radial solution which depends on r
l and             2. Metal Nanoparticles 
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r
 (l+1), where l is the angular momentum (l=0,1,2,...). The dipole case corresponds to 
l=1, the quadrupole term to l=2 and so on. 
The polarisability β of a quadrupole becomes: 
m s
m s R
ε ε
ε ε
β
2 3
5
+
−
∝                                        (2.26) 
so  the  quadrupole  case  has  a  blue shifted  resonance  compared  with  the 
corresponding dipole. Extending to the general case the resonant condition will be:  
( )
0
1
=
+
+ ′ m s l
l
ε ε                                          (2.27) 
where, as before,  s ε′ is the real part of the metal dielectric constant and εm is the 
dielectric constant of the surrounding medium.  
2.2.4  Other shapes and nanoparticle interactions 
The growing interest in plasmonic properties soon moved researchers’ efforts beyond 
synthesis of simple spheres. Rods [34, 35] and triangular nanoparticles [36], but also 
cubes [35] and even stars [37] have been realised using colloidal or lithographic 
techniques. If we drop the hypothesis of a perfect sphere and introduce other shapes 
the solutions to Maxwell’s equations become more complicated.  
Typically plasmonic peaks shift to longer wavelengths with increasing aspect ratio of 
the  nanoparticle  and  this  shift  is  significantly  stronger  than  the  shift  that  can  be 
obtained by size tuning a spherical nanoparticle. For example in the case of silver, a 
nanosphere has a plasmon resonance in the blue around 410 nm, while triangles and 
nanorods have their resonance in the red.  
The  plasmon  resonance  is  also  expected  to  change  when  two  particles  are  close 
enough to let the localised modes interact [6, 38] and a further degree of control in 
tailoring plasmonic resonance is added by controlling the interparticle distance. In 
particular when the distance d is small enough (d«λ) a near field interaction occurs.     2. Metal Nanoparticles 
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In this case the relative direction of the excitation field with the position of the 
nanoparticles  is  also  important  and  can  induce  an  LSP  resonance  shift  to  either 
higher or lower frequencies [39]. Intuitively, if the electromagnetic field is polarised 
longitudinally (along the particles axis), the plasma restoring force is reduced by the 
 
Figure  2.6    Electromagnetic  near field  enhancement  at  excitation  laser 
wavelength  (633  nm)  for  a  30  nm  diameter  nanoparticle  dimer  with  (a) 
longitudinal incident field and (b) transversal incident field. The colour scale 
represents the electromagnetic field enhancement factor [38] 
coupling with the neighbour, so the resonance shifts to a lower frequency. On the 
other hand, if the electromagnetic field is transverse to the particles axis, the plasma 
restoring force is increased by the coupling with the neighbour, so the resonance 
shifts to a higher frequency. 
Another  interesting  consequence  of  the  near field  interaction,  in  the  case  of 
longitudinal excitation, is the strong localisation of the field in the interstitial space 
between the particles (hot spot) [38]. Indeed the suppression of the scattering into the 
far field by the neighbouring particle leads to an even stronger localisation of energy 
compared to that of a single particle. This can be responsible for very strong signals 
in optical enhancement effects such as surface enhanced Raman scattering and metal 
enhanced fluorescence, as shown in the next sections.       2. Metal Nanoparticles 
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2.3  Surface Enhanced Raman Scattering 
Up to this point we have described how localised surface plasmons are generated in 
metal  nanoparticles  irradiated  by  an  electromagnetic  field  and  that  under  certain 
conditions this results in an enhancement of the local field. When a probe molecule is 
placed in the vicinity of a metal nanoparticle irradiated under the above conditions, it 
experiences the local electromagnetic field, resulting in an enhanced response by its 
optical  properties.  One  of  the  main  applications  of  this  effect  is  in  Raman 
spectroscopy, so that it is studied and reported as the surface SERS effect.  
2.3.1  Raman Scattering 
Raman  Scattering  is  an  effect  involving  two  photons  and  one  phonon,  where  a 
photon is scattered inelastically by an atom with two possible results: a lower energy 
photon and a phonon are emitted (Stokes line) or a phonon is absorbed and a higher 
energy photon is emitted (anti Stokes line). The phonon involved has energy typical 
of  the  material,  because  it  corresponds  to  one  of  the  vibrational  states  of  the 
molecule.  
Figure 2.7  Schematic of a Raman scattering process. Here a photon νp is 
inelastically scattered to a lower energy photon νs, generating a phonon νv. 
      Vibrational states 
Ground state 
Virtual state 
νp  νs= νp-νv 
νv     2. Metal Nanoparticles 
      24
Raman  scattering  can  be  described  by  a  classical  electrodynamics  model.  For 
spontaneous  scattering,  the  thermal  vibration  of  the  lattice  produces  a  sinusoidal 
modulation of the polarisability  t v v ω α α α sin 0 + = , where  ωv is the vibrational 
frequency of the lattice. The incident field  t E E p p ω sin 0 =  (where ωp is the pump 
frequency) induce an electrical polarisation P:  
( )= ⋅ + = ⋅ = t t E t E E P p v v p p ω ω α ω α α sin sin sin 0 0 0                                   . 
= ( ) ( ) [ ] t t E t E v p v p v p ⋅ + − ⋅ − + ω ω ω ω α ω α cos cos
2
1
sin 0 0 0  ,          (2.28) 
resulting in a component elastically scattered at the frequency  p ω  and two generated 
waves at the difference frequency (Stokes waves) and at the sum frequency (anti 
Stokes waves). According to the Bose statistics the Stokes power is 
N
N + 1
 times the 
anti Stokes power, where 
( ) 1 exp
1
−
=
kT
N
v ω h
 ,                                         (2.29) 
is the Bose occupancy factor of the vibrational state and depends on the temperature 
T, whilst  h  and k are respectively Dirac and Boltzmann constants. It is clear that 
N<1, so the Stokes wave is stronger than the anti Stokes.  
Detecting the energy shift of the scattered photon provides a molecular fingerprint of 
the  material,  thus  making  it  possible  to  get  information  about  the  nature  of  the 
material itself. 
2.3.2  SERS spectroscopy 
Surface  enhanced  Raman  spectroscopy  is  a  valuable  tool  for  chemical  structure 
analysis as a Raman signal is strongly enhanced by the surface plasmons in two 
different  ways.  The  first  is  purely  electromagnetic  and  its  main  features  can  be 
described through the electromagnetic theory shown in the previous sections and is     2. Metal Nanoparticles 
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typically associated with enhancement factors of up to 10
8 in a single molecule [40]. 
A secondary effect, however, can arise when a chemical bond is formed between the 
molecule and the metal nanoparticle, causing an increase of the effective Raman 
cross section due to the hybridisation of the molecule and metal electron orbitals; this 
is often referred to as chemical enhancement [41 43] and is believed to contribute 
with an enhancement factor of up to 10
2. 
Both effects can be described by the following: consider a probe molecule, vibrating 
at a characteristic frequency νv and irradiated at a certain frequency νp; the power  S ℘
 
of the inelastically scattered light at the Stokes band can be written as [28]: 
) ( ) ( p RS S S I ν σ ν = ℘  ,                                            (2.30) 
where  v p S ν ν ν − =  is the frequency of the Stokes band, σRS  is the scattering cross 
section and I(νp) is the intensity of the incident light (pump). If the probe molecule is 
in  proximity  to  a  metallic  nanoparticle  the  power  of  the  scattered  light  can  be 
modified  as  mentioned  before  in  two  ways:  firstly  the  increase  of  the  local 
electromagnetic field via surface plasmon excitation, and secondly the increase of the 
scattering  cross  section  due  to  the  chemical  bond.  The  former  effect  is  purely 
electromagnetic and increases both the incident light and the scattered light, so if we 
call  
( ) 0 ) ( E E g L ν ν =                                              (2.31) 
the enhancement factor of the local field, where EL(ν) is the local field and E0 is the 
incident field, the power of the scattered light can be rewritten as: 
) ( ) ( ) ( * ) ( ) ( *
2 2 2
p p S SERS p S SERS S S I g g I g ν ν ν σ ν σ ν ⋅ = ⋅ = ℘  .           (2.32) 
where  RS SERS aσ σ = , where a is a constant that takes into account the increase in 
scattering cross section due to the chemical enhancement, and  * p I  is the locally 
enhanced pump intensity.  
Since the Raman shift    − S p ν ν is much smaller than the plasmon linewidth, then     2. Metal Nanoparticles 
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  g g g S p = ≈ ) ( ) ( ν ν  ,                                           (2.33) 
which  can  be  substituted  in  Eq.(2.32)  obtaining  the  following  expression  for  the 
scattered power: 
) ( ) ( ) ( ) ( *
4
S S p RS p SERS S S G I G I g ν ν σ ν σ ν ℘ = = = ℘  ,                 (2.34) 
with G=ag
4 being the total Raman response enhancement factor, a product of the 
chemical enhancement contribution a and of the electromagnetic contribution g
4. In 
particular from the Eq.(2.34) the electromagnetic contribution to SERS is found to be 
proportional to the fourth power of the local electromagnetic field enhancement [44, 
45]. 
In  the  case  of  nanoparticle  aggregates  the  expected  Raman  response  has  been 
calculated to depend only on the third power of the local field enhancement [40, 46]. 
In this context the theoretical value for G was estimated for both electromagnetic and 
chemical enhancement  of spherical single particles with a result not greater than 
~10
11. Experimental results however, have demonstrated enhancement up to 10
14, as 
in the case of single molecule detection [47, 48] showing that greater enhancement is 
possible but other effects have to be considered [49, 50]. 
2.4  Metal Enhanced Fluorescence 
Photoluminescence  (PL)  plays  a  central  role  in  many  aspects  of  biological  and 
medical research with applications including DNA sequencing [51], cell imaging 
[52] and sensing [53]. Similar to SERS, surface plasmons can also increase the PL 
response of molecules in close proximity to the metal [54, 55] by enhancing photon 
matter interaction via a modification of the excitation cross section [55] and of the 
radiative decay rate kr.  
A simple estimation of the enhancement factor G as shown in the case of SERS, is 
not immediately found for MEF. Firstly, the main quantitative difference is to be 
found in the wavelength shift at which emission occurs. Whilst Raman shift is in the 
order of a few nanometers (vibrational energies), PL is normally shifted from the     2. Metal Nanoparticles 
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pump wavelength of 10 100 nanometers (electronic energies), so Eq.(2.33) no longer 
applies and the emitted light is more likely to fall out of the plasmonic resonance. In 
this case 
2 g GPL ∝ , where g is the local field enhancement factor defined in Eq. 
(2.31), would be a better approximation [56, 57] and partially justify why in MEF 
experiments the observed enhancement factor are much lower than what reported for 
SERS.  Furthermore,  PL  measurements  involve  also  absorption  and  quantum 
efficiency,  which  can  also  be  modified  by  surface  plasmons  coupling  and  hence 
make difficult to practically separate each effect. 
Metal enhanced  fluorescence  has  been  generally  associated  with  a  reduction  in 
photons’ lifetime τ [58, 59], where  
nr r k k +
=
1
τ  ,                                              (2.35) 
and both the radiative and non radiative rates are enhanced under plasmon coupling. 
In  fact  the  enhancement  of  non radiative  channels  (knr)  results  in  some  cases  in 
photoluminescence quenching [60, 61]. Purcell Factor in MEF 
The Purcell effect is a concept “borrowed” from cavity quantum electro dynamics 
[62,  63],  which  studies  the  quantum  interaction  between  matter  (atoms)  and  an 
electromagnetic field (photons), specifically inside microresonators. In 1946 Purcell 
discovered that spontaneous emission of a fluorophore could be modified by placing 
it  in  a  matching  resonant  cavity  [64,  65].  In  particular,  the  radiative  rate  k  is 
enhanced or suppressed by a factor (Purcell factor) that depends on the cavity design, 
on the location of the emitter in the electromagnetic field and its relative orientation 
[66]. As such, it has been widely investigated for atoms in two dimensional [67], 
three dimensional [66] and photonic crystal structures [68].  
Similarly the Purcell factor can be used to identify the enhancement (or quenching) 
of photoluminescence due to plasmon coupling in terms of a modified spontaneous 
emission rates via the relation:  
k
k
FP
*
=  ,                                                  (2.36)     2. Metal Nanoparticles 
      28
where  k*  and  k  indicates,  respectively,  the  plasmon  modified  and  unmodified 
emission  rates.  The  Purcell  factor  can  also  be  expressed  in  terms  of  the  photon 
lifetime τ=1/k as 
 
Figure  2.8  (a)  Fluorescence  enhancement  calculated  as  a  function  of  the 
distance  between  a  60  nm  diameter  gold  particle  and  the  fluorophore.  (b) 
Schematic of the experiment: the metal nanoparticle is attached to the end of a 
pointed tip to control the distance z from the fluorescent molecule [69].  
* τ
τ
= P F  .                                                  (2.37) 
In plasmonics the Purcell factor has been found to depend on the distance between 
the metal nanoparticle and the emitting molecule. Figure 2.8 shows an example of 
fluorescence enhancement calculated as a function of the distance. From this it can 
be seen that the luminescence quenching (0 < FP < 1) occurs for distances up to 5 nm 
where the non radiative channels from the molecule to the metal are dominant. As 
the distance increases the enhancement shows a maximum around z = 15 nm and 
then reduces towards a non interactive distance (FP = 1). The numbers given here 
depend on the system being investigated, and thus are only indicative. Quenching has 
been reported in literature to be observed for distances up to 16 nm [61], whilst the 
maximum of the enhancement has also been observed for a distance of ∼10 nm [69, 
70]. 
z     2. Metal Nanoparticles 
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Previous  work  has  shown  that  in  terms  of  excitation  wavelength,  the  maximum 
enhancement  occurs  for  wavelengths  slightly  red shifted  compared  with  the 
plasmonic resonance [69]. Okamoto and co workers reported the study of the Purcell 
factor as a function of the emission wavelength [59, 71] in the case of quantum dots 
and quantum wells. 
 
Figure 2.9 Purcell enhancement factors plotted against wavelength of silver 
coated InGaN GaN quantum wells. Fp was obtained by the ratio of PL lifetimes 
(dots),  by  the  ratios  of  PL  intensities  (solid  black  line)  and  compared  with 
theoretical values (grey line) [72]. 
Results reported for enhanced PL in quantum wells are shown in Figure 2.9. The 
wavelength  dependence  of  the  Purcell  factor  qualitatively  resembles  the  results 
obtained for the substrates investigated in this thesis, which will be discussed in 
Section 4.2.4.  
Although the Purcell enhancement factor is typically found in the order of ∼10 [57, 
73 75], MEF has led to the demonstration of optical probes with enhanced brightness 
such that we expect it to play an important role in the next generation of photonic 
devices, from biosensors [58] to LEDs [76].   
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Chapter 3 
3.Silver Impregnated Polycarbonate 
Substrates 
 
Figure 3.1  Image of a silver impregnated polycarbonate strip  
In the previous chapter it has been shown that surface plasmons induce enhanced 
electromagnetic fields in the vicinity of the metal surface  when  excited near the 
plasmon frequency. For the fabrication of a plasmonic substrate four main elements     3. Silver Impregnated Polycarbonate Substrates 
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need to be considered: the enhancement factor, the cost, the substrate lifetime and the 
signal reproducibility.  
Silver  nanoparticles  are  known  to  have  superior  plasmonic  properties  [29],  so  it 
certainly the best candidate for achieving the highest enhancement factor, but, as 
previously mentioned, has been overlooked for plasmonic substrates because they are 
predisposed to oxidation (in the order of days [77]) leading to problems with long 
term storage. Plasmonic substrates, in fact, generally have the active metal surface 
exposed to air so that, in the case of silver, they suffer from poor temporal stability, 
resulting from oxidation. Attempts have been made in coating silver nanoparticles to 
prevent  oxidation,  but  this  further  step  may  clash  with  the  need  of  a  simple 
fabrication  process.  For  this  reason  commercially  available  plasmonic  substrates, 
such  as  Klarite  by  Renishaw  Diagnostic,  employ  gold,  which  is  evaporated  or 
dispersed on silicon substrates. Whilst Klarite claims SERS enhancement factors in 
the order of 10
4 10
6, these substrates may to some degree sacrifice the quality of the 
plasmonic response which for gold is inferior compared with silver, for its chemical 
stability. Therefore, the solution to the issue of how to use silver in an efficient cost 
effective way is still open. 
Using  conventional  semiconductor  processing  technologies,  plasmonic  templates 
have  been  produced  via  electron  beam  lithography  [48,  78],  focused  ion  beam 
patterning  [79],  thermal  evaporation  [80],  chemical  colloid  reactions  [81]  and 
chemical surface modification [54]. Recently, developments in the surface science 
and nano processing techniques have permitted the fabrication of substrates that can 
provide high SERS signals reproducibility over the active region. Such processing 
techniques however, are sometimes costly and time consuming and often result in 
substrates which are fragile. So ideally a one step, or single reactor process, would 
simplify and cut the cost of production.  
Furthermore,  the  choice  of  the  hosting  substrate  material  is  ideally  inexpensive 
robust and, for specific applications, biocompatible. Silicon is generally used as base 
material for commercially available plasmonic substrates because it is inexpensive, 
but in order to offer a high SERS signal reproducibility (eg. Klarite), the silicon 
substrates  need  to  be  microstructured  via  selective  etching  process  prior  to  gold     3. Silver Impregnated Polycarbonate Substrates 
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evaporation. Overall the process can be quite expensive and the substrates fragile (so 
they need to be mounted on glass slides). Plastics in general can be very inexpensive 
and robust. Polycarbonate in particular is an excellent candidate in that it can be less 
expensive than silicon, polycarbonate costing ~$3000/tonnes (source ICIS). 
If SERS and MEF are to be used readily in routine procedures, then ideally the 
substrates need to employ silver for its superior plasmonic properties and at the same 
time be inexpensive, robust and stable so that they can be stored for long lengths of 
time between measurements, which also should be reproducible.  
The silver impregnated polycarbonate substrates presented in this thesis will address 
a  number  of  issues  discussed  above.  Prof.  S.  Howdle  and  co workers  at  the 
University of Nottingham have successfully developed a supercritical technique for 
embedding  metal  nanoparticles  into  polymer  hosts,  such  as  Teflon
®  AF  and 
poly(methyl methacrylate)  [82].  In  collaboration  with  Howdle’s  group,  this 
technique has been tailored to fabricate a new class of plasmonic substrate, where 
silver  nanoparticles  are  embedded  into  polycarbonate  strips  for  potential  sensing 
applications.  
These  metal polymer  composites  allow  for  the  construction  of  optical plasmonic 
devices that can exploit the mechanical robustness and flexibility of the polymer 
host,  which  also  has  the  advantage  of  being  potentially  biocompatible  [8]. 
Embedding silver nanoparticles in a polycarbonate provides protection of the metal 
from the surrounding environment, thus yielding a high degree of the substrate’s 
temporal stability, which will be demonstrated to be at least in the order of months in 
Chapter 4. 
In  these  substrates,  only  the  metal  nanoparticles  impregnated  within  a  few 
nanometres from the surface are expected to become in contact with the deposited 
analyte and hence to contribute to the plasmonic response. An important role is also 
played by the solvent used to deposit the analyte, in that some solvents may permeate 
into the substrates allowing for an increased particle analyte interaction. The role of 
the solvent will also be investigated in Chapter 4.     3. Silver Impregnated Polycarbonate Substrates 
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In this chapter the concept of a supercritical fluid is introduced. Supercritical fluids 
are crucial both for the fabrication of the plasmonic substrates presented here and of 
the  semiconductor  modified  MOFs  studied  in  PART  II.  After  describing  their 
fabrication  process,  the  characterisation  of  silver  impregnated  polycarbonate 
substrates will be presented using TEM to observe the embedded nanoparticles and 
EDX analysis to confirm the presence of metallic silver. Absorption and reflectivity 
spectra will reveal the plasmonic peaks and a prism coupling technique will be used 
to measure the refractive index of the impregnated film. The obtained results reveal 
the formation of silver nanoparticles, about 5 10 nm in size, uniformly distributed 
within a few microns of the surface and with an average refractive index that is 
higher  compared  with  the  unmodified  polycarbonate.  Samples  fabricated  with 
different  synthesis  parameters  will  also  be  investigated  to  better  understand  how 
these parameters affect the impregnation.  
The plasmonic substrates used in this work were fabricated and partly characterised 
(TEM  and  EDX  measurements)  by  Dr.  Howdle’s  group  at  the  University  of 
Nottingham.  
3.1  Supercritical fluid processing 
A  fluid  is  defined  as  supercritical  (i.e.  it  is  in  the  supercritical  state)  when  the 
difference between coexisting liquid and vapour phases disappears. The supercritical 
phase of a fluid occurs when both its temperature and pressure are higher than certain 
values, which are characteristic of the fluid. For example in the case of CO2 the 
critical  temperature  is  Tc  =  31.1  °C  and  the  critical  pressure  Pc  =  73.8  bar.  A 
supercritical fluid (SCF) displays unusual and intriguing properties that can lead to 
new chemistries [83, 84].  
Supercritical fluids exhibit the solvent properties of liquids associated with their high 
densities, combined with the advantage of the transportation properties of a gas, as 
they have no surface tension. Moreover, in the supercritical regime (see Figure 3.2), 
a state of liquid like density can transform into one of vapour like density by tuning 
the temperature or the pressure without the appearance of an interface [85].      3. Silver Impregnated Polycarbonate Substrates 
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Figure 3.2  Pressure temperature phase diagram for a pure substance. It shows 
the SCF state. The blue circles represent the variation in density. The triple 
point (T) and the critical point (c) are displayed [86]. 
These  characteristics  of  supercritical  fluids  make  them  ideal  solvents  for  the 
infiltration of substances within microscale structures. In fact, since the solubility of 
solids depends on the density of the fluid, the tuning of the solubility in supercritical 
fluids can be exploited to control the composition and morphology of the materials 
which are to be deposited. At the same time, the absence of surface tension allows 
for a much faster diffusion in supercritical fluids than in liquid solvents.  
Supercritical  processing  will  be  used  again  in  Part  II  of  this  thesis,  where  a 
supercritical  fluid  acts  as  a  solvent  for  the  semiconductor  precursors  for  the 
deposition  of  semiconductor  materials  inside  the  tiny  pores  of  a  microstructured 
optical  fibre.  In  this  chapter,  supercritical  processing  has  been  exploited  for  the 
impregnation  of  a  metal  precursor  inside  a  polymer  strip  to  fabricate  silver 
impregnated polycarbonate substrates, as described in the next section.  
3.2  Fabrication 
Deposition of metal nanoparticles on polymeric materials has been reported [73], 
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immobilizing  metal  particles,  hence  surface  modification  of  either  material  is 
required. Supercritical carbon dioxide processing offers a simple route to produce the 
metal nanoparticles in situ within prefabricated polymeric materials [87, 88]. This 
method is preferable to incorporating pre formed nanoparticles into a polymer as it 
does not require surface modification of the nanoparticles and avoids the possibility 
of  aggregation  of  the  particles  during  processing.  Importantly,  the  polymeric 
materials can be impregnated with nanoparticles after they have been processed in 
their final form.  
The single reactor process described here it has been developed at the University of 
Nottingham and it has been reported to be reproducible in terms of particle size [82] 
and deposition depth (see Figure 3.5). Moreover, it is highly flexible as it can be 
potentially adjusted for the impregnation of other metals in different polymers. As 
the  plasmon  resonance  wavelength  depends  on  the  particle  size,  local  dielectric 
environment  and  interparticle  spacing  (see  Section  2.2),  these  substrates  can  be 
engineered  to  target  specific  requirements,  simply  by  tuning  the  deposition 
conditions and/or by using different polymers. 
Although,  as  described  below,  currently  three  samples  of  1×2 cm  size  can  be 
fabricated in three days, this process is highly scalable by scaling up the autoclave to 
allow  for  impregnation  of  large  polymeric  sheets  (which  could  be  easily  cut  in 
smaller pieces in a second stage, according to requirements) and the impregnation 
time can be optimised, reducing enormously the fabrication cost of a single substrate. 
A clear advantage is also to be found in the single reactor process, which means that 
only one chamber will be involved in the development of the apparatus and costs 
related to the space are also reduced compared with a multi stage process. 
For the purpose of this thesis polycarbonate strips were used and placed inside a 
custom built high pressure, clamp sealed autoclave of 60 ml volume which contains a 
directly  coupled  magnetically  driven  agitator  [83].  The  reactor  was  modified  to 
enable the polycarbonate strips to be attached vertically to the sides of the agitator 
bar  to  provide  a  symmetric  and  dynamic  environment  during  the  reaction. 
Polycarbonate was obtained from Nigel Smith Alloys Ltd as 0.5 mm thick sheets and 
processed in house with typical final sample sizes of ~22×10 mm.      3. Silver Impregnated Polycarbonate Substrates 
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Figure  3.3    Schematic  of  the  three step  fabrication  process  of  silver 
impregnated polycarbonate substrates. 
The  fabrication  process  consists  of  three  steps:  impregnation,  decomposition  and 
purge. During impregnation, the polymer host (~500 mg) and the precursor complex 
(200 mg) were placed in the autoclave which was then filled with ~5.5 MPa of CO2. 
The autoclave was then heated to 40 °C and topped up to either 9.0 MPa or 10.3 
MPa. The scCO2 was maintained under these conditions for a duration (normally 24 
hours) in order to dissolve the precursor complex (1,5 cyclooctadiene)(1,1,1,5,5,5 
hexafluoroacetylacetonate)silver(I) – Ag(hfac)COD and infuse it into the polymer. 
The  scCO2  was  then  vented  evenly  over  5  minutes,  leaving  the  silver  precursor 
dispersed within the polymer.  
During decomposition, the precursor can then be reduced to form elemental silver 
nanoparticles by tuning the pressure and temperature of the chamber, which was 
monitored  directly  via  an  in  situ  thermocouple  at  all  times.  The  autoclave  was 
pressurised to 7.0 MPa of hydrogen and heated to 80 °C to let the gas permeate the 
substrate and start reducing the precursor. These conditions were maintained for 3 
hours then scCO2 was used again to remove all the residuals of the reaction, before 
venting  the  autoclave  to  atmospheric  pressure  over  5  minutes.  All  values  of 
temperature and pressure used in the process did not appear to distort or chemically 
alter  the  polycarbonate  strips,  which  retained  the  original  shape  and  material 
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3.3  Composite characterisation 
A typical example of silver impregnated polycarbonate substrates resulting from the 
fabrication described above was shown in Figure 3.1. Substrates appear transparent, 
homogeneous and brown in colour, which is caused by the plasmonic peak of silver 
occurring around 400 nm. A range of substrates have been fabricated under a scCO2 
pressure of 9 and 10.3 MPa, a temperature of 40 ° C and with differing amounts of 
precursors.  
TEM and EDX have been performed at the University of Nottingham to investigate 
formation and composition of nanoparticles as well as the efficiency of the purging 
stage,  so  no  by product  chemicals  would  remain  in  the  polycarbonate.  This  is 
important  for  future  applications  as  the  presence  of  residual  chemicals  in  the 
polycarbonate could affect the quality of the substrate in terms of potential reaction 
with the analyte. Here I report results obtained for the two samples fabricated with 
200 mg precursor (pressure of 9 and 10.3 MPa), because they will be demonstrated 
to give best results for SERS measurements, as shown in Section 4.1, and some 
information derived from TEM imaging, such as particle size and distribution, will 
be used in Section 4.1 to estimate SERS enhancement factor.  
Absorption and reflectivity measurements have been performed to investigate the 
plasmonic peak intensity, position and width as well as the possible presence of 
strong  nanoparticles  interaction,  which  results  in  a  secondary  peak  at  longer 
wavelengths as discussed in Section 2.2.4. In particular, 5 different amounts of mass 
precursor have been used to fabricate many substrates in order to investigate how this 
synthesis parameter translates into plasmonic peak properties. In practice, absorption 
measurements were possible on lightly impregnated samples (fabricated with up to 
175  mg  precursor),  whereas  reflectivity  measurements  were  performed  on  the 
samples fabricated with a larger amount of precursor, as they were not transparent 
enough to perform significant absorption measurements. 
Finally,  prism  coupling  techniques  were  performed  in  a  second  stage  of  the 
investigation process and measurements were limited to the only the two substrates 
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will be shown in Chapter 4, a potential sensor employing a waveguide configuration 
to increase device sensitivity has been envisioned. This prism coupling step is part of 
the analysis which targets this application. Such a device, in fact, would require a 
higher  refractive  index  of  the  waveguide  compared  with  the  substrate,  which  is 
expected due to the high refractive index of silver. The increase in the refractive 
index is directly related to the amount of impregnated silver nanoparticles; hence 
these measurements also provide information about the nanoparticle densities in the 
two substrates, which can be directly compared with the TEM images.  
3.3.1  Transmission Electron Microscopy 
TEM is an imaging technique that uses a beam of electrons instead of light. Image 
resolution is proportional to the De Broglie length of the particle used as the probe 
and the De Broglie length of an electron when accelerated at 100eV is in the order of 
10
 12m.  The  electron  beam  is  focused  on  a  thin  slice  of  the  specimen  under 
investigation (where the thickness must be comparable with the electron mean free 
path  which  is  only  a  few  tens  of  nanometres)  and  emerges  (transmitted  beam) 
carrying information about the structure of the sample itself. Once magnified, the 
transmitted electron beam is projected onto a screen reproducing the image of the 
specimen with a sub nanometre resolution.  
TEM imaging was performed on cross sections of a range of substrates to allow the 
size and distribution of the nanoparticles to be observed. For the measurements, the 
samples were sectioned [I think that divided would be a better world] with a diamond 
knife to a thickness of ∼100 nm, using a Reichet Ultra microtome and supported on 
300  mesh  copper  grids.  Conventional  bright  field  images  were  acquired  using  a 
JEOL  JEM 2000  FXII  TEM  operating  at  200  kV  under  low  dose  conditions  to 
minimize sample degradation under the imaging electron beam.  
TEM imaging of a sample A, produced with an impregnation time of 24 hours at a 
pressure of 10.3 MPa  (Figure 3.4) reveals  a nanoparticle band located  along the 
outermost edge of the cross section of uniform thickness (∼6.5  m) and composition 
along the length of the sample.      3. Silver Impregnated Polycarbonate Substrates 
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Figure 3.4 TEM micrograph of a cross section of the silver nanocomposites. 
The  nanoparticles  band  is  uniformly  6.5   m  thick  and  the  size  of  the 
nanoparticles decrease with the depth from ~10 nm at the surface.  
The close up images show roughly spherical nanoparticles, with an estimated size of 
~10  nm  near  the  surface  of  the  film,  decreasing  in  size  with  the  depth,  but  of 
relatively  uniform  size  and  distribution  on  a  local  scale.  At  the  limit  of  furthest 
infusion  a  very  definite  boundary  is  evident,  after  which  the  nanoparticles  cease 
abruptly. This depth limited incorporation of nanoparticles suggests a time dependent 
infusion of the organometallic precursor into the polymer during the impregnation 
step.  
TEM  imaging  was  performed  on  samples  fabricated  with  different  impregnation 
times varying from 1 hour up to 24 hours, whilst maintaining a constant pressure of 
10.3 MPa. The results of the measurements are plotted in Figure 3.5 from which it is 
clear  that  the  impregnation  depth  is  time  dependent  and  highly  reproducible, 
especially for short impregnation depth. The rate of diffusion of the organometallic 
complex into the polycarbonate is relatively slow, allowing a degree of control to be 
obtained in terms of the thickness of the nanoparticle band produced.  
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Figure  3.5  Graph  of  the  nanoparticle  infusion  depths  found  for  different 
impregnation  times  and  constant  pressure  (10.3  MPa).  Each  individual 
measurement  was  performed  for  three  different  samples,  with  the  errorbars 
indicating the reproducibility of each impregnation depth.   
The TEM images can also provide information on the effect of the impregnation 
pressure.  By  comparing  TEM  micrographs  of  the  cross sections  of  sample  A 
(10.3 MPa,  Figure  3.4)  with  the  ones  of  sample  B  produced  at  a  lower  pressure 
(9.0 MPa, Figure 3.6) it can be seen that in both cases there is a locally uniform 
distribution  of  embedded  nanoparticles.  However,  it  is  also  apparent  that  whilst 
substrate A has a defined film thickness of ~6.5  m, the particles in substrate B 
penetrate  much  deeper,  with  no  definite  boundary  of  furthest  infusion  being 
observed.  
At  lower  pressures  it  is  well  known  that  scCO2  is  less  dense  and  has  a  lower 
solvating  power  for  the  silver  complex  [this  doesn’t  sound  right].  The  relative 
percentage of silver complex that infuses into the polymer during the impregnation 
step depends on the ratio of the solubility in the scCO2 compared to the solubility in 
the polymer. The partitioning of the silver complex into the polycarbonate at a lower 
pressure  (sample  B)  is  therefore  likely  to  be  favoured,  leading  to  deeper 
impregnation  of  nanoparticles  compared  to  the  high  pressure  impregnation. 
Furthermore,  at  a  lower  pressure  and  scCO2  density,  the  system  may  be  less 
homogeneous which could also contribute to the loss of the definite nanoparticle 
limit.     3. Silver Impregnated Polycarbonate Substrates 
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Figure 3.6  TEM micrographs of sample B produced at 9.0 MPa impregnation 
pressure. (a) A cross section near the top surface region of the polycarbonate. 
(b) and (c) show nanoparticles respectively at the surface and deeper into the 
polymer. 
3.3.1.1  Selected Area Electron diffraction pattern 
In a typical TEM, a selected area aperture can be enabled in order to restrict the path 
of the electron beam to a specific area for investigation. Electrons travel across the 
ordered  arrangement  of  atoms  in  the  specimen  and  are  diffracted  by  its  crystal 
structure. The shape of the diffraction pattern depends on the crystalline nature of the 
material. Typically a pattern of dots will be observed if a single crystal material is 
investigated.  
 
Figure 3.7  Selected area electron diffraction pattern: the spacing between the 
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The  position  of  the  dots  on  the  observed  pattern  provides  information  about  the 
specimen crystal structure and how crystals are oriented relatively to the incident 
beam  direction.  In  the  case  of  polycrystalline  and  solid  amorphous  materials  the 
irregular  orientation  of  the  crystalline  regions  (or  of  the  atoms)  translates  in  a 
symmetrical distribution of the diffracted electrons around the beam direction, so the 
observed pattern will consist of a series of concentric rings. The radial distance of the 
ring contains information about the preferred atomic arrangement in the material.  
Selected  area  electron  diffraction  patterns  were  taken  from  the  regions  of  both 
samples observed with TEM imaging and containing the nanoparticles. An example 
is  shown  in  Figure  3.7:  the  observed  bands,  which  are  indicated  by  their 
correspondent Miller indexes (see Section 7.1.1), show them to be metallic silver 
[89]. 
3.3.2  Energy Dispersive X-ray 
In this spectroscopic technique a high energy electron beam or an X ray beam is used 
to eject an electron from an inner shell of the atoms in the investigated specimen. 
The vacancy left is occupied by another electron from a higher energy shell, which 
relaxes  emitting  X rays  with  an  energy  characteristic  of  the  atomic  species.  The 
energy of the emitted X ray is measured through an energy dispersive spectrometer 
allowing  identification  of  the  atomic  composition  of  the  specimen,  whilst  the 
intensity of the peaks (measured in counts per second, cps) provides information on 
the number of atoms of each atomic species. No information is provided about the 
molecular bindings of the atom or about the existence of compounds.  
Energy dispersive x ray analysis was performed in order to demonstrate the presence 
of  silver  in  the  impregnated  area,  which  was  not  present  beyond  the  observed 
impregnation boundary, and the absence of other precursor residuals, demonstrating 
the  success  of  the  reaction.  Combining  these  results  with  the  TEM  images  of 
nanoparticles we must conclude that the observed nanoparticles were made of silver. 
EDX spectra taken within the nanoparticle band show a clear peak associated with 
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not show any presence of silver. The peak observed for silicon is likely to be caused 
by silicon containing oils removed from the sealing O ring of the autoclave  and 
impregnated into the polycarbonate by the action of the scCO2.  
 
Figure 3.8 EDX spectra taken (a) inside the nanoparticle region and (b) further 
into the polymer.  
3.3.3  Absorption and reflectivity 
Spectroscopic  characterisation  of  a  range  of  substrates  was  performed  through 
absorption  and  reflectivity  measurements  using  a  Jasco  V570  UV/Vis/NIR 
spectrometer in both transmission and reflection configuration. The effect of using 
increasing  precursor  mass  in  the  impregnation  technique  was  investigated  by 
performing absorption measurements on samples prepared using different amount of 
precursor, from 75 mg to 175 mg.  
Figure 3.9 shows data collected using 75, 100, 150 and 175 mg of precursor. Firstly, 
it  can  be  seen  they  all  show  a  peak  around  410  nm  typical  of  the  plasmonic 
absorption of the silver, but somewhat broader. It appears that increasing precursor 
mass does not result in increasing particle size, which would correspond to a peak 
shift, but results in stronger peak intensity associated with an increase in the number 
of nanoparticles.      3. Silver Impregnated Polycarbonate Substrates 
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Figure  3.9    Absorption  measurements  on  silver  polycarbonate  samples 
prepared  with  different  precursor  mass  (75,  100,  150,  175  mg)  reveal  an 
increase in nanoparticles density. 
 
Figure  3.10    Simulated  extinction  coefficient  based  on  Mie  Theory  of  3 
individual spherical Ag nanoparticle sizes embedded in a dielectric media with 
a refractive index of 1.585.  
The broad absorption peak is likely to be due to the overlap of the different sized 
particles across the examined section of the sample. In order to evaluate their size 
distribution, modelling of the Ag nanoparticle extinction based on Mie scattering 
theory [27] has been performed
* for three individual particles with sizes in the range 
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5 15  nm  (as  estimated  from  TEM  images)  with  a  surrounding  refractive  index 
medium of 1.585 (polycarbonate refractive index). The theory used for the modelling 
can be found in Appendix A and the results are shown in Figure 3.10. From this 
model it is clear that the expected plasmonic resonance for a single particle (or an 
ideal system of identical particles) is generally sharper. Interestingly the model also 
shows  how  the  plasmonic  peak  shifts  towards  longer  wavelengths  and  its  width 
increases with the size of the nanoparticle, as discussed in Section 2.2.3. But the 
width  of  the  experimental  peak  cannot  only  be  justified  by  a  presence  of  large 
particles since its position corresponds in the model to smaller particles. Thus for its 
position and width, the peak in Figure 3.9 is most likely to arise from a distribution 
of smaller sized particles.  
Impregnation  dependence  on  pressure  was  also  investigated  on  the  two  samples 
fabricated at 10.3 MPa (substrate A) and 9.0 MPa (substrate B), where in both cases 
the impregnation time was 24 hours and the precursor mass was 200 mg. These 
measurements  were  performed  using  a  spectrophotometer  as  for  the  previous 
absorption measurements, but in reflection configuration (see Figure 3.11(b)), as the 
absorption around 400 nm for both samples was greater than the upper limit of the 
measurable  range  of  the  spectrophotometer.  The  reflectivity  spectra  of  the  two 
samples are plotted in Figure 3.12 
 
Figure 3.11  Schematic for (a) absorption and (b) reflectivity measurements. In 
the latter a system of mirrors collects the reflected light to be analysed by the 
spectrophotometer. 
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Figure 3.12  Reflectivity spectra of two polycarbonate substrates, fabricated at 
10.3 MPa (solid line) and 9.0 MPa (dashed line). 
The positions of the main absorption dips are close to the predicted extinction peak 
of ~ 410 nm for a distribution of particles with diameters < 10 nm, but slightly blue 
shifted. This can be attributed to a stronger contribution from the metal particles at 
the surface, which are partially exposed to air and hence will have their resonance 
peaks blue shifted, in the reflection configuration compared with the transmission 
configuration of the absorption spectra.  
The slight difference in the relative position of the two dips might be due to a small 
increase in the observed particle sizes in substrate B. The appearance of a second dip 
at ∼500 nm in substrate A is likely to arise due to interaction between neighbouring 
particles,  as  seen  in  Section  2.2.4.  In  fact,  as  observed  in  the  absorption 
measurements, the increased number of nanoparticles associated with the increased 
precursor mass, inevitably leads to an increase in nanoparticles density. Hence it is 
likely that some nanoparticles will be at distances in the order of few nanometres and 
thus interact with each other. A weak interaction (long distance) would correspond to 
a weak peak at longer wavelengths, as it is visible in sample B, compared with a 
stronger interaction (shorter distance) which would correspond to a stronger peak at 
shorter wavelengths, as for Sample A. This difference suggests an increased silver 
density in substrate A compared to substrate B, as will be confirmed in the following 
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3.3.4  Prism coupling  
The refractive index of the silver nanoparticles impregnated area and the nanoparticle 
density  in  substrates  A  and  B  were  also  investigated  through  refractive  index 
measurements using a prism coupling technique [90]. In this technique a laser light is 
irradiated onto a thin film (nfilm) through a high refractive index prism (nGGG), as 
shown in Figure 3.12. By varying the incident angle, the angle θ can be varied so that 
for large values of θ the light is  all reflected back (total internal reflection) and 
measured by the detector. The detector continuously measures the  reflected light 
whilst the angle θ is gradually reduced. Once θ reaches the critical angle, light starts 
to be coupled into the film and a drop in the measured intensity of the reflected laser 
light  is  observed.  This  condition  occurs  for  nGGG  sinθ = nfilm,  allowing  for  the 
determination of nfilm. In addition, where a clear film substrate interface is present, a 
further  reduction  of  the  angle  θ  leads  to  a  periodical  oscillation  of  the  reflected 
intensity due to the interference with the light reflected off the lower film substrate 
interface. The periodicity of these oscillations is related to the thickness of the film, 
hence can provide an estimate of this film parameter.  
 
Figure  3.13    Schematic  of  prism  coupling  technique  set up.  Laser  light  is 
coupled  into  a  film  through  a  prism.  Coupled  light  is  indirectly  measured 
through changes in reflected light 
For these measurements a 633 nm He Ne source is launched onto the surface of our 
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Figure 3.14  Prism coupling measurements for substrates A and B, fabricated 
at 10.3 MPa and 9.0 MPa respectively (solid lines). Dashed lines represent 
multilayer reflection calculation fitting. Blue dashed lines indicate refractive 
indices for substrates A and B obtained from fitting. 
and transverse magnetic (TM) polarised spectra can be plotted as functions of the 
effective  refractive  index  neff,  =  nGGG  sinθ,  so  that  the  refractive  index  of  the 
composite film corresponds to the value of neff at which the reflection intensity starts 
to drop off. 
TE spectra for both substrates A and B are plotted in Figure 3.14 (solid lines). The 
steep  drop  in  the  measured  signals  determines  the  refractive  index  of  the 
corresponding  film  and  shows  that  substrate  A  has  a  higher  refractive  index 
compared with B. The impregnated area shows a higher refractive index compared 
with pure polycarbonate due the contribution of silver, which has a refractive index 
~4 at 633 nm. Consequently, an increased density of silver nanoparticles corresponds 
to a higher average refractive index of the film. Thus results obtained for substrate A 
and B confirm the higher particle density in the former compared with the latter as 
already observed via TEM analysis in Section 3.3.1.  
The oscillations in substrate A are due to interference effects at the film interface and 
thus provide information about the film thickness. Their absence in substrate B is due 
n(A) 
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to the lack of well defined silver film thickness, as already observed in the TEM 
images, and we attribute the single absorption dip to scattering losses.  
To obtain the most accurate values for the film parameters the curves were fitted 
using a multilayer reflection calculation
† based on the transfer matrix method [91] 
for both the TE and TM polarisation spectra (represented by the dashed line in Figure 
3.14 in the case of TE). We obtained the refractive indices of n(A) = 1.611 ± 0.003 
and n(B) = 1.602 ± 0.005 and a film thickness of ∼7 µm for substrate A.. 
The demonstrated high refractive index of the silver nanoparticle film suggests the 
possibility of using these substrates in a waveguide configuration. In fact an extended 
propagation length can increase the signal analyte interaction and thus could improve 
the performance of the films as sensing devices. In the next chapter some of the 
characterised substrates will be used as plasmonic devices and will be demonstrated 
to exhibit an excellent response both for SERS and MEF applications. The ability to 
post process  the  substrates  using  oxygen  reactive  ion  etching  will  also  be 
demonstrated, thus offering an additional level of design. 
 
                                                       
† Multilayer reflection code was provided by Dr.Oton.  
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Chapter 4 
4.Plasmonic Devices 
In the previous chapters localised surface plasmons have been introduced as a mean 
of  inducing  a  strong  enhancement  of  the  local  electromagnetic  field.  This  field 
enhancement can lead to the enhancement of optical processes occurring in a nearby 
molecule. Silver impregnated polycarbonate (AgPC) substrates were fabricated using 
a supercritical technique. As mention in the previous chapter, an ideal plasmonic 
substrate must show a high enhancement factor, be inexpensive, temporally stable 
and show signal reproducibility. The use of inexpensive materials and a simple single 
chamber process has the potential of offering a facile fabrication process.  
In this chapter these substrates are tested for surface enhanced Raman spectroscopy 
and  metal  enhanced  fluorescence,  showing  them  to  be  excellent  candidates  for 
plasmonic  applications.  SERS  measurements  have  demonstrated  an  estimated 
enhancement  factor  in  the  order  of  ~10
5  in  off resonance  conditions  which  is 
expected to increase in optimum conditions. This result is already comparable with 
enhancement  factors  claimed  for  gold based  commercially  available  substrates 
(Klarite
®).  Measurements  have  been  performed  in  different  points  of  the  same 
samples and in samples fabricated with the same parameters, in order to investigate 
reproducibility of the signal and quantitation capability. Results show that signals 
can vary up to 90% with, in some cases, no SERS response (see Section 4.1.1) and _________________________________________________4. Plasmonic Devices 
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the best reproducibility obtained in post processed samples (see Section 4.1.4). These 
results make these substrates not suitable at this stage for quantitative tests, i.e. to 
detect the specific amount of target molecule present in a certain sample.  
Although  reproducibility  properties  are  not  satisfying,  these  substrates  can  offer 
significant  benefits  over  more  conventional  plasmonic  substrates  as  they  retain 
desirable properties of polycarbonate, such as flexibility, robustness and potentially 
biocompatibility [8], they are proven to be temporally stable, protecting the silver 
from oxidation (see Section 4.1.5) and, once the fabrication process is optimised, are 
potentially  inexpensive.  Other  properties,  such  as  strong  plasmonic  response  and 
excellent mechanical properties, make these substrates suitable for applications in 
non quantitative  tests,  where  a  large  number  of  inexpensive  tests  need  to  be 
performed,  and  single use  applications.  For  example,  they  could  be  adopted  in 
routine detection of illegal substances at the airports, when hundreds of tests could be 
performed  daily  and  potentially  dangerous  substances  could  be  involved  (so 
substrates would have to be disposed of after each test). 
The  role  of  solvent  on  the  enhancement  has  also  been  investigated  by  using  an 
ethanol solution of 4 ATP and a water solution of Rhodamine 6G. Polycarbonate in 
fact  is  only  moderately  resistant  to  ethanol,  so  the  analyte  from  this  solution  is 
expected to permeate into the substrates, gaining access to a higher number of silver 
nanoparticles. In contrast, the water solution does not permeate, so in this case the 
enhancement should arise only from the nanoparticles which are impregnated within 
few nanometres from the surface.   
The ability to post process the metal polycarbonate substrates will be demonstrated 
using reactive ion etching (RIE). This not only allows access to particles situated 
deeper into the substrates, but also provides an additional degree of design control so 
that it could be possible to fabricate devices with unique excitation and detection 
geometries for a wide range of applications.  
In section 4.2, metal enhanced photoluminescence of a blue emitting dye molecule 
(Coumarin  102)  is  investigated.  Although  fluorescence  is  largely  used  in 
biotechnology as mentioned in Section 2.4, to the best of my knowledge there is no 
commercially available plasmonic substrate that specifically targets this application, _________________________________________________4. Plasmonic Devices 
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possibly because of the lower enhancement factor associated with MEF. Plasmonic 
substrates reported in the literature show fluorescence enhancement factors to be in 
the order of ~10 (see Section 2.4), reporting a factor 7 for a silver nanoparticles 
(surface)  deposited  polycarbonate  substrates  [73].  In  this  context,  the  discussed 
potential advantages in terms of fabrication, cost and biocompatibility of these silver 
impregnated polycarbonate substrates makes them good candidates for bio sensing 
applications, such as high sensitivity substrates for fluorescent markers detection.   
By  considering  simultaneous  time  and  spectrally  resolved  photoluminescence, 
fluorescence enhancement resulting from plasmon coupling has been observed with 
an increase of the emission by a factor of ~8.5, with an associated reduction in the 
photon lifetime. The fast and slow components of the observed emission decay have 
been associated with the presence of both monomers and aggregates in the coumarin 
films and their different response to the plasmon coupling is discussed.  
The set up for MEF experiments was made available by Prof. Lagoudakis in the 
Department of Physics and Astronomy at the University of Southampton. 
4.1  SERS response 
The  vibrational  nature  of  Raman  scattering  provides  a  fingerprint  by  which  to 
identify a molecule. So the ability of a substrate to increase the Raman signal by 
factors up to 10
11 (ultra high sensitivity) is of enormous interest for applications in 
sensing [92] and biology [93, 94], particularly for the detection of trace elements.  
To investigate silver impregnated polycarbonate substrates for SERS applications a 
range of substrates have been tested with different target molecules using a Raman 
spectroscopy set up. A Raman spectrometer employs a system of mirrors and lenses 
to focus an external laser source onto the specimen to be analysed. The scattered 
light is then collected, filtered in order to remove the Rayleigh component (laser 
reflection) and detected using a CCD camera. The intensity of the detected signal 
depends on the laser power density at the sample surface and on the integration time, 
so the obtained data are normalised based on the experimental conditions. _________________________________________________4. Plasmonic Devices 
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Figure 4.1 Picture of a Renishaw Raman Spectrometer set up. 
All  measurements  were  conducted  using  a  conventional  Renishaw  Raman 
spectrometer in reflection detection geometry, with a 633 nm HeNe excitation source 
launched via a 50× microscope objective to produce a spot size of ~2  m in diameter 
with  3  mW  of  optical  power  at  the  surface.  In  this  set  up,  the  50×  microscope 
objective was chosen for its high numerical aperture, which implies a more efficient 
collection  of  the  signal,  higher  energy  density  and  higher  spatial  resolution  in 
probing the sample surface.  
The  optimal  experimental  condition  for  the  SERS  characterisation  would  have 
required a ~400 nm laser source, resonant with the main plasmonic peak as shown in 
Figure 3.12. Although not ideal, the 633 nm laser source was the only one available 
at the time of the experiments. The SERS response measured in this off resonance 
condition is expected due to the second plasmonic peak associated with nanoparticles 
interaction, with a further contribution due to chemical enhancement, which should 
be in the order of 10
2 [40 42]. Hence these substrates are expected to show a stronger 
response in the case of resonant pump. An optimised enhancement factor can be 
estimated  to  be  up  to  10
8  based  on  SERS  results  reported  for  other  plasmonic 
substrates characterised in both resonant and off resonant conditions [95]. 
Samples  were  prepared  using  two  different  target  molecules:  4 aminothiophenol 
(from ethanol solution) and Rhodamine G (from water solution). The choice of target 
molecules was based on their ability to be efficiently adsorbed on silver [96, 97] and 
their distinctive Raman features, as will be discussed in the respective sections. Also _________________________________________________4. Plasmonic Devices 
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the role of solvent in the SERS response is investigated, as polycarbonate is only 
moderately resistant to ethanol, such that the solution is expected to slightly permeate 
the substrates and thus access more of the silver nanoparticles resulting in a stronger 
SERS signal. For this reason, the water solution of Rhodamine 6G is expected to 
show  a  weaker  SERS  response,  in  that  it  should  only  arise  from  the  silver 
nanoparticles close to the surface. 
4.1.1  SERS of 4-Aminothiophenol 
Metal polycarbonate substrates have been tested for SERS activity choosing firstly 
4–aminothiophenol (4–ATP) as a target molecule because of its very distinct Raman 
features.  This  molecule  forms  an  ordered  self assembled  monolayer  on  coinage 
metal surfaces and its SERS spectrum on silver is well known [98].  
 
Figure 4.2 SERS spectrum of (a) an ATP molecule adsorbed on silver (8nm 
thick film evaporated on a  CaF2 plate) compared with (b) a Raman spectrum of 
the same molecule in solid state [98].  _________________________________________________4. Plasmonic Devices 
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SERS spectra are generally expected to differ slightly from the usual Raman spectra 
of the same molecule due to chemical bonds that may arise. This can occur in the 
chemical enhancement effect, introduced in Section 2.3.2. In particular, this molecule 
presents a dramatically altered SERS spectrum (characteristic peaks at 1573, 1440, 
1391, 1142 and 1070 cm
 1) compared with its Raman spectrum (characteristic peaks 
at 1595, 1206, 1173 and 1089 cm
 1) [98], as shown in Figure 4.2.  
This difference has been attributed to a selective enhancement of some electronic 
levels which can be vibronically coupled with the silver, hence the different peak 
positions  compared  with  the  normal  Raman  spectrum.  Peaks  which  exist  under 
1000 cm
 1 are associated with molecules’ interactions in bulk samples.  
A range of substrates fabricated with different deposition parameters were tested for 
SERS. As preliminary investigations, nine measurements were taken in randomly 
selected  points  of  the  investigated  substrates.  Results  suggested  that  substrates 
fabricated with 75 and 100 mg precursor mass show no or very weak SERS response 
(see Figure 4.3), whilst substrates fabricated with 150 and 175 mg precursor mass 
gave  better  results  in  terms  of  maximum  SERS  signal  intensity  (see  Figure  4.4, 
respectively green and blue line).  
 
Figure 4.3  SERS measurements  of 4 ATP molecule, taken in different points of 
substrate fabricated with 100 mg precursor (coloured lines) plotted together 
with control samples of 4 ATP on pure polycarbonate (black line). The vertical 
dashed lines indicate the expected position of 4 ATP SERS peaks. Data are 
offset for clarity. _________________________________________________4. Plasmonic Devices 
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Figure 4.4  SERS measurements of 4 ATP molecule, taken on three different 
substrates fabricated with 150 mg (green line), 175 mg (blue line) and 200 mg 
(red line) silver precursor mass.  
Finally substrates fabricated with 200 mg precursor mass  gave satisfying results, 
reported and discussed below. During the time available, no other substrates were 
fabricated  using  a  larger  amount  of  precursor.  Here  results  obtained  from  two 
representative samples fabricated with 200 mg precursor mass, which exhibited a 
good  response,  are  reported.  These  substrates,  A  and  B,  were  characterized  in 
Section 3.3.  
Substrate A was treated by drop casting a weak solution (0.5 mM) of 4–ATP in 
ethanol and allowing the solvent to evaporate. Control spectra were taken between 
200 and 3200 cm
 1 on a polycarbonate strip without silver nanoparticles (the same 
polycarbonate used for the fabrication of the silver modified substrates), on a 4 ATP 
treated polycarbonate strip (treated in the same manner as for substrate A) and on 
pure  4 ATP  powder.  All  the  spectra  are  shown  in  Figure  4.5.  A  strong  SERS 
response is clear for the 4 ATP molecule when deposited on substrate A (black line). 
As expected the peaks appear in a different position compared with the peaks of a 
normal Raman response of the ATP powder (blue line), but instead they show strong 
SERS features of the main vibrational modes of the target molecule as assigned in 
the reported literature (see Figure 4.2). Furthermore monolayer detection of 4–ATP 
on the silver nanoparticles is confirmed via the absence of the bulk vibrational peaks 
below 1000 cm
−1 in the spectrum, as previously discussed.  _________________________________________________4. Plasmonic Devices 
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Figure 4.5  SERS measurements of 4 ATP molecule deposited on substrate A 
(black line) plotted together with control samples of 4 ATP on polycarbonate 
(green line), polycarbonate (red line) and solid 4 ATP (blue line).  
The high intensity of the SERS response is clear by comparing the signal with the 
Raman response of the control samples, but quantifying the actual enhancement is 
difficult as no Raman response is visible from the molecule when deposited on pure 
polycarbonate (green line). The latter, in fact, only resembles the spectrum of the 
host polycarbonate, shown as a red line in Figure 4.5. 
Calculation of the enhancement factor is further complicated since the SERS active 
metal nanoparticles are partially embedded in the substrate. An enhancement factor 
can still be estimated, however, through the following relation [99, 100]:  
Surf
Bulk
Bulk
SERS
N
N
I
I
F ⋅ =  ,                                             (4.1) 
where ISERS and IBulk are, respectively, the peak intensities at 1078 cm
 1 in the SERS 
spectrum and at 1091 cm
 1 in the bulk Raman spectrum, which are assigned to the 
same stretch mode [98]. NBulk and NSurf are the number of molecules excited in the 
bulk and on the substrate surface, respectively. Once the background is removed, the _________________________________________________4. Plasmonic Devices 
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peak  intensities  can  be  estimated  as  having  the  following  values:  ISERS  (1078)  ~ 
2.4×10
3 counts/mW/s and IBulk (1091) ~ 1.4×10
3 counts/mW/s. 
The number of molecules excited on the substrate surface NSurf can be estimated as 
the following: 
C S A N c Surf ⋅ ⋅ = (%)  ,                                        (4.2) 
where A is the area excited by the laser (microscope spot size ≈ 2 µm), C is the 
concentration of molecules on the surface and Sc(%) is the silver nanoparticle surface 
coverage factor which takes into account the percentage of molecules that effectively 
interact with silver and, thus, undergo an enhancement. 
From the TEM micrograph of substrate A an upper bound on the exposed silver is 
approximately 30% of the surface area. This has been estimated by graphical analysis 
of  TEM  images,  as  shown  in  Figure  4.6,  by  considering  a  few  areas  of  size 
σ=100×100 nm and counting the number of nanoparticles in each area. An average 
N=37.6  number  of  nanoparticles,  with  an  estimated  2R=10 nm  diameter,  gives  a 
coverage according to the following: 
295 . 0
2 = ⋅ ⋅ = σ π R N Sc  ,                                        (4.3) 
 
Figure 4.6  Near surface nanoparticles coverage study from TEM images. Area 
1, 2 and 3 are all 100×100 nm and contain a number N1=35, N2=38 and N3=40 
of nanoparticles, with an estimated 10 nm diameter. _________________________________________________4. Plasmonic Devices 
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Although the silver nanoparticles are randomly distributed, the laser spot size can be 
considered to be much larger than the range of variation of the local nanoparticle 
density;  hence  this  percentage  can  be  reasonably  considered  to  be  a  good 
representative  of  the  average  nanoparticles  coverage.  Assuming  a  monolayer 
coverage and a packing density C of 8×10
14 molecules/cm
2 [101], this results in a 
total estimated value of  NSurf = 1.2×10
6. 
The number of molecules excited in the bulk NBulk can be estimated by considering 
the volume V excited by the laser and the molecule density in the bulk, as: 
A Bulk N
m
V N ⋅ 




 ⋅ =
ρ                                            (4.4) 
where V is calculated from experimental the conditions to be ∼ 20 µm
3,  ρ is the 
density (∼ 1 g/cm
3), m is the molecular weight of 4 ATP (125.19 g/mol) and NA is the 
Avogadro’s  number  (6×10
23  molecules/mol),  obtaining  an  estimated  value  for 
NBulk=1×10
11.  Substituting  all  the  estimated  values  in  Eq.(4.1),  the  resulting 
enhancement factor is estimated to be in the order of 10
5, which is comparable to the 
enhancements reported elsewhere in the literature [102 104]. Considering that the 
experiment  is  performed  at  an  excitation  wavelength  that  is  far  from  the  main 
plasmonic resonance, this is an excellent enhancement as it is mostly due to the 
secondary plasmonic peak associated with nanoparticles interaction. As discussed in 
the previous section, this enhancement is expected to increase by factor in the order 
of 10
2 when performed in resonant condition. 
The 4 ATP SERS spectrum shown in Figure 4.5 is representative of a typical SERS 
measurements obtained on substrate A, but in order to investigate the reproducibility 
of the SERS response, measurements were repeated over nine randomly selected 
points on the substrate, typically a few millimetres apart. Moreover, substrates A2 
and A3 were fabricated with the same parameters as for substrate A and tested in the 
same manner. Obtained results are summarised in Table 4 1, which shows 4 ATP 
SERS signal strength of the 1078 nm peak, for ease of comparison, with the bottom 
rows indicating average values over all points and over the non zero measurements 
only. Due to the small number of points, a statistical analysis is not significant.   _________________________________________________4. Plasmonic Devices 
    61 
ISERS @ 1078cm
 1  A
  A2
  A3
 
 
1.4×10
3  1.2×10
3  0 
0.9×10
3  0.4×10
3  1.3×10
3 
1.1×10
3  0  0.1×10
3 
0  0  0 
1.5×10
3  0.9×10
3  0 
0  1.4×10
3  1.4×10
3 
0.5×10
3  1.0×10
3  1.6×10
3 
1.4×10
3  0  0 
0  0.6×10
3  0 
Average  7.5×10
2  6.1×10
2  4.9×10
2 
Average over  
non zero data  1.13×10
3  0.91×10
3  1.10×10
3 
Table  4-1  4 ATP  SERS  intensities  (counts/mW/s)  of  the  1078  cm
 1  peak 
measured  on  different  points  of  substrates  A,  A2  and  A3.  The  bottom  rows 
indicate average values over all points and over the non zero measurements. 
Assuming a uniform coverage of the analyte, the lack of SERS response in some 
points  of  the  substrates  implies  the  absence  of  interaction  nanoparticles analyte, 
which could be attributed to the absence of metal nanoparticles near the surface in 
that area. This has not been observed with TEM imaging but cannot be excluded. A 
possible absence of nanoparticles can be related either to the impregnation stage of 
the process, in case an insufficient amount of precursor is trapped on the surface, or 
to the purging stage, if some nanoparticles close to the surface escape together with 
the reaction by products.  
Alternatively, the absence of SERS response  could be attributed to nanoparticles 
being more spaced out in that particular area, hence not interacting. In fact, the SERS 
response observed in off resonance condition has been attributed to the secondary 
plasmonic  peak  at  longer  wavelengths,  arising  from  nanoparticles  interaction.  If 
locally nanoparticles are not closely spaced, the nanoparticles interaction, hence the 
SERS response, can no longer be significative (I pretty sure that significant is the 
right word).       _________________________________________________4. Plasmonic Devices 
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Figure 4.7  SERS measurements on 4 ATP molecule deposited on substrate A 
(black line) and on substrate B (red line). Raman spectrum of a control sample 
of pure polycarbonate (dotted line). 
Where signal is present, some variation in signals strength (up to 90% in A2) has 
been found across the substrates. Comparing the average signals over non zero data, 
substrates  A,  A2  and  A3  show  similar  SERS  response,  indicating  a  good 
reproducibility for the same fabrication parameters. 
In order to compare plasmonic properties of two different substrates, substrate B has 
been  treated  with  the  same  concentration  of  4 ATP  and  in  the  same  manner  as 
substrate  A.  Resulting  measurements  between  800  and  2200  cm
 1  are  plotted  in 
Figure  4.7,  together  with  the  previous  results  obtained  using  substrate  A  and  a 
control sample of silver free polycarbonate.  
Comparing  the  SERS  signals  in  Figure  4.7  at  1078  cm
 1  at  from  the  two  metal 
composites, substrate A shows an enhancement 2.5× greater than substrate B. This is 
consistent with the higher nanoparticle density in substrate A and can also be related 
in part to the presence of the second plasmon resonance at 510 nm, which is closer to 
the laser excitation wavelength. The 633 nm laser emission is in fact off resonance 
compared with the main plasmonic peak of the metal composite, which is around 
410 nm, as shown in Section 3.3.3. Nonetheless, the SERS response is strong and is _________________________________________________4. Plasmonic Devices 
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expected to improve greatly as the excitation wavelength shifts towards the blue. A 
suitable laser source for measurements under resonant conditions was not available 
when the tests were performed.   
Also in the case of substrate B, reproducibility of the SERS response have been 
investigated by repeating SERS measurements for nine different points, as shown in 
Table 4 2 together with the previous results for substrate A for comparison.   
 
ISERS @ 1078 cm
 1  A
  B
 
 
1.4×10
3  6.3×10
2 
0.9×10
3  6.1×10
2 
1.1×10
3  0 
0  3.2×10
2 
1.5×10
3  0 
0  0 
0.5×10
3  5.0×10
2 
1.4×10
3  5.1×10
2 
0  4.2×10
2 
Average  7.5×10
2  3.3×10
2 
Average over  
non zero data  1.13×10
3  5.00×10
2 
Table 4-2 4 ATP SERS intensities (counts/mW/s) at 1078 cm
 1 measured on 
different points of substrates A and B. The bottom rows indicate average values 
over all points and over the non zero measurements. 
Also, in this case,  assuming a uniform coverage of the analyte, a lack of SERS 
response  in  some  points  of  the  substrates  is  observed.  Furthermore,  substrate  B 
shows  an  average  SERS  response  which  is  about  44%  of  the  other  substrate, 
consistently with the behaviour previously discussed. _________________________________________________4. Plasmonic Devices 
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4.1.2  SERS of Rhodamine G in water 
As previously  discussed, if these samples are to find potential use in routine SERS 
analysis the substrates must be suitable for investigating a wide range of molecules. 
Their resistance to different solvents is therefore of great importance, as it determines 
the variety of molecules that can be analysed. The potential biocompatibility of the 
plasmonic substrates has inherent advantages for the detection of biological agents 
such as pathogens in their native aqueous environment [105, 106], thus water was 
chosen as the solvent to test the next target molecule. Water is also representative of 
solvents that do not permeate the polycarbonate, so only the nanoparticles exposed to 
air,  or  impregnated  within  a  few  nanometres  of  the  surface,  are  expected  to 
contribute directly to the enhancement.  
A 2 mM solution of Rhodamine 6G (Rh6G) in distilled water was drop casted on 
substrate  A  and  the  resultant  SERS  activity  investigated.  The  SERS  spectrum, 
obtained in the same manner as before, is shown in Figure 4.8, plotted together with 
the Raman spectrum of polycarbonate as a control sample.  
 
Figure 4.8  SERS measurements on Rhodamine 6G deposited on substrate A 
(black line), plotted together with the Raman spectrum of a control sample of 
pure polycarbonate (dotted line). _________________________________________________4. Plasmonic Devices 
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In this figure six vibrational bands of Rh6G can be identified at 1184, 1312, 1364, 
1512, 1559 and 1651 cm
 1 [107, 108], clearly distinguished from the remaining peaks 
being the underlying polycarbonate modes.  
The SERS signal obtained using this dye is much weaker that the signal obtained 
with the 4 ATP. This difference can be attributed both to weaker bonding of the 
Rh6G molecules to the Ag metal, which may decrease the chemical enhancement 
contribution, and to the more passive nature of the water solvent so that only the 
exposed particles contribute to the response. Secondary effects may also arise from 
the larger size of the Rh6G molecules so that the effective molecule nanoparticle 
distance is greater and also due to their tendency to attach to surfaces in a random 
orientation [108].  
4.1.3  Post Processing 
The ability to post process the metal polymer substrates is of significant interest as a 
means  to  introduce  an  additional  level  of  structural  design  to  the  substrates. 
Controlled etching of the substrates not only allows access to deeper areas of the 
deposition, where the particle distribution may differ, but also allows, for example, 
the fabrication of optical waveguides. Incorporating waveguiding geometries into the 
devices is advantageous for a number of applications, for example in the case of 
SERS applications, as the extended propagation lengths average over many plasmon 
analyte  interactions  thus  offering  increased  sensitivity  and  reproducibility  of  the 
measured response. 
Here the ability to post process the substrates has been demonstrated by realising a 
simple step like shape using oxygen plasma etching and a coverslip as a mask. The 
etching  technique  typically  employed  for  the  processing  of  pure  polycarbonate 
substrates employs oxigen RIE [109]. However, using oxygen plasma etching could 
potentially result in the silver being oxidised so that substrate loses its plasmonic 
properties and thus alternative ways have also been explored. Argon plasma is also 
employed in polymer etching [110], hence two recipes have been tested: the first one 
employing argon only (20 sccm) and the second one oxygen and argon in equal part _________________________________________________4. Plasmonic Devices 
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(5 sccm each). Results show that not only does the mixture of oxygen and argon 
result in a faster etch rate of ~100  m/min, versus the ~500  m/hr obtained with 
argon only, but that the plasmonic properties are not affected by oxygen plasma. 
Indeed once tested, the substrate etched via argon oxygen plasma shows that SERS 
response does not diminish, but in fact increases. 
4.1.3.1  Reactive Ion Etching 
In  both  cases,  a  coverslip,  used  as  a  simple  mask,  was  placed  over  half  of  the 
substrate before loading it in an Oxford Instruments Plasma Technology RIE80plus 
Reactive ion etcher. The chamber was then evacuated to 5×10
−6 torr before 5 sccm 
of oxygen and 5 sccm of argon were flowed into the chamber under a controlled 
pressure of 50 mtorr and applying a RF power of 25 W [109]. After 20 mins of 
etching  the  sample  was  removed  and  it  was  noted  that  the  exposed  part  of  the 
substrate was now darker and cloudier than the untreated side.  
Transparency of the etched side was visibly improved on wiping with ethanol to 
remove some of the roughness in the surface layer. The resulting substrate was then 
analyzed using a stylus profiler (KLA Tencor P16) which revealed an etched step of 
∼2  m, shown in Figure 4.10, and with a surface roughness of the etched region of 
less than 50 nm. 
 
Figure 4.9  Picture of an Oxford Instruments Plasma Technology RIE80plus 
Reactive ion etcher. _________________________________________________4. Plasmonic Devices 
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Figure 4.10  3 D profile image of the silver polycarbonate substrate 
Argon plasma etching was also performed in a similar configuration, so the chamber 
was evacuated to 5×10
−6 torr before 20 sccm of argon were flowed into the chamber 
under a controlled pressure of 50 mtorr and applying a RF power of 25 W. The 
substrate was exposed to plasma for 30 min up to 2 hours, resulting in a good, but 
slower etch rate (~500  m/hr).  
4.1.4  SERS of post processed substrates 
As  mentioned  previously,  the  oxygen  RIE  technique  is  commonly  used  for 
polycarbonate etching, but using oxygen could have led to oxidation of the silver 
nanoparticles  and  hence  to  the  loss  of  plasmonic  properties.  An  oxygen  etched 
substrate was thus tested for its SERS response and compared with previous results 
on  unprocessed  substrates.  The  initial  substrate  was  fabricated  with  similar 
parameters to substrate A and showed a correspondingly similar SERS response, as 
seen in Figure 4.5.  
To test the SERS activity of the post processed substrates a 2 µm step was etched 
down  into  the  substrate  as  described  in  the  previous  section.  The  earlier  Raman 
measurements using 4–ATP as the target molecule were repeated and the results 
obtained on both etched and unetched regions are plotted together in Figure 4.11.  _________________________________________________4. Plasmonic Devices 
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Figure 4.11 SERS measurements on 4 ATP molecule deposited both on etched 
and unetched region of a silver polycarbonate substrate. 
 
ISERS @ 1078 cm
 1  A
  A+etching 
 
1.4×10
3  3.1×10
3 
0.9×10
3  3.6×10
3 
1.1×10
3  2.5×10
3 
0  3.1×10
3 
1.5×10
3  2.7×10
3 
0  3.2×10
3 
0.5×10
3  3.8×10
3 
1.4×10
3  2.9×10
3 
0  3.3×10
3 
Average  7.5×10
2  2.7×10
3 
Average over  
non zero data  1.13×10
3  2.7×10
3 
Table 4-3 4 ATP SERS intensities (counts/mW/s) at 1078 cm
 1 measured on 
different points of substrates A, before and after etch processing. The bottom 
rows  indicate  average  values  over  all  points  and  over  the  non zero 
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The etched region of the substrate shows a SERS response which is more than twice 
as  stronge  than  the  signal  obtained  in  the  unetched  region.  This  additional 
enhancement  can  be  partially  attributed  to  an  increase  in  the  density  of  the 
nanoparticles  going  deeper  into  the  film  (as  also  observed  from  the  TEM 
micrographs  shown  in  Section  3.3.1).  It  is  also  likely    to  be  due,  in  part,  to  a 
nanometre  scale  roughening  of  the  etched  surface  so  that  more  of  the  metal 
nanoparticles are exposed and the effective surface is increased. More importantly, 
by  repeating  the  measurements  across  the  etched  region  an  improvement  in  the 
reproducibility of the SERS measurements has been observed, both by the consistent 
presence of signal across the substrate and by a reduction in the signal variation, 
indicating  a  more  uniform  distribution  of  silver  nanoparticles  deeper  into  the 
substrate (see Table 4 3). 
4.1.5  Substrates lifetime 
The temporal stability of the substrates is another important requirement if they are 
to find wide use in routine SERS analysis. The fact that the metal nanoparticles are 
embedded in the polycarbonate means that the substrates have an extremely long 
shelf life. A SERS response has been successfully measured from substrates (stored 
such that they are exposed to air) which are over a year old. What is more surprising, 
is the temporal stability of the substrates after use. Indeed, tested samples still yield 
comparable SERS measurements up to one month after treatment  with a 4–ATP 
solution. Such long lifetimes are likely to be a result of the small percentage of silver 
that is exposed to the atmosphere and thus we expect that in this instance the bulk of 
the response is coming from Raman probe molecules which have penetrated down to 
attach to the more deeply embedded particles. This ability to check measurements 
over time scales of weeks is a significant advantage.  
4.2  MEF response 
Metal  Enhanced  Fluorescence  has  been  introduced  in  Section  2.4  as  fluorophore 
emission enhanced via surface plasmons. Fluorescence is largely used in biological _________________________________________________4. Plasmonic Devices 
    70 
and medical research [111], for example biomolecules such as antibodies, amino 
acids and peptides can be related to specific disease conditions and are often tagged 
using  fluorescent  labelling  to  facilitate  their  detection.  Enhancing  the  fluorescent 
response via plasmon coupling can increase the detection limit, potentially allowing 
for  early  stage  diagnosis.  Thus  the  availability  of  a  biocompatible  plasmonic 
substrate is highly desirable.  
Considering the good plasmonic behaviour observed in the SERS experiments, a 
sample prepared with the same parameters as substrate A (precursor mass of 200 mg, 
pressure of 10.3 MPa, impregnation temperature 40 °C, impregnation time 24 hrs) 
was used to test the metal polymer composites for MEF. Coumarin 102 was chosen 
as the target molecule because it exhibits an extinction spectrum around 400 nm, 
which overlaps the plasmonic absorption peak of silver nanoparticles.  
In Figure 4.12 the normalized absorption (blue line) and emission (red line) spectra 
of  Coumarin  102  deposited  on  a  polycarbonate  strip  (no  silver)  are  plotted  for 
comparison  with  the  extinction  spectrum  of  a  silver  impregnated  polycarbonate 
substrate (black line), already shown in Section 3.3.3.  
 
Figure 4.12  Normalised extinction measurements for a Coumarin 102 film 
(blue  line)  and  for  silver  modified  polycarbonate  substrate  (black  line). 
Normalised emission intensity of a Coumarin 102 film (red line).  _________________________________________________4. Plasmonic Devices 
    71 
The strong spectral overlap between the plasmonic peak and the absorption spectrum 
of  the  fluorophore  indicates  resonance  between  the  localised  surface  plasmon 
scattering and the electronic excited states of the dye molecule and this is expected to 
result in an efficient coupling [112] with transfer of oscillator strength.  
Samples to be tested for MEF measurements were prepared using a weak 0.5 mM 
solution  of  Coumarin  102  (2,3,5,6 1H,4H tetrahydro 8  methylquinolazin [9,9a,1 
gh], purchased from Radiant Dyes Laser & Accessories GmbH) in ethanol, which 
was  spin coated  at  3000  rpm  for  1  min  on  the  silver modified  polycarbonate 
substrate and on the undoped polycarbonate substrates. The deposition conditions 
were  monitored  in  order  to  reproduce  the  same  solution  film  thickness  for  both 
samples, with an estimated value of a few nanometres.  
This  condition  is  important  for  photoluminescence  measurements  as  emission 
intensity is not an intrinsic quantity, but depends on the amount of dye. When using a 
dye to test a plasmonic substrate, the sole observation of increased emission intensity 
could therefore be due to a thicker layer. Similarly, independent photoluminescence 
decay  measurements  can  exhibit  a  reduction  in  photon  lifetime,  but  this  is  not 
sufficient to guarantee an increase in emission. In fact the measured emission rate 
k=kr +knr has a radiative and a non radiative component and both radiative and non 
radiative processes may be enhanced. This means that in addition to the deposition 
precautions described above, it has been necessary to perform simultaneous time and 
spectrally resolved photoluminescence measurements as the concurrent observation 
of a reduction in photon lifetime and an enhanced photon emission can confirm MEF 
[72], as discussed in Section 2.4. 
4.2.1  Time and spectrally resolved photoluminescence 
set-up 
Simultaneous  time  and  spectrally  resolved  photoluminescence  measurements  can 
provide a direct connection between the enhanced photon emission (via integrated 
photoluminescence) and the increased photon emission rate k=1/τ, where τ is the 
photon lifetime. A schematic of the experimental set up is shown in Figure 4.13. _________________________________________________4. Plasmonic Devices 
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The samples were excited with a frequency doubled mode locked Ti:sapphire laser 
(400 nm excitation wavelength, ~120 fs pulse width, 80 MHz repetition rate with an 
average power of 1.5 mW and a spot size of 30 µm), resonant with the plasmonic 
peak of the AgPC substrate. The emitted fluorescence from the dye molecules was 
collected in reflection, coupled into a multimode fibre and analysed by a synchroscan 
streak camera (Hamamatsu C5680) with a time resolution of 25 ps coupled to the 
exit of a 25 cm long monochromator with a 300 gr/mm grating.  
 
Figure  4.13  Schematic  of  simultaneous  time  and  spectrally  resolved 
photoluminescence set up.  
The streak camera operating principle is shown in Figure 4.14. Briefly, light pulses 
with different space time coordinates and different intensities are projected through a 
slit  and  focused  on  the  photocathode.  The  photocathode  records  the  spatial 
displacement  (horizontal  coordinate)  and  transforms  pulses  into  a  number  of 
electrons  which  is  proportional  to  the  signal  intensity.  The  time  sequence  is 
converted into a vertical coordinate by a pair of high speed sweep electrodes, where 
electrons arriving at different times are deflected at different angles onto the micro 
channel plate (MCP). Here the electrons are multiplied several thousands of times 
and converted back to light onto a phosphor screen. 
Frequency doubled 
Ti:sapphire  
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Figure  4.14  Schematic  of  streak  camera  operating  principle.  From 
Hamamatsu, Universal Streak Camera C5680 manual.  
The streak camera is placed in between a monochromator and a photon counting 
integration system. The monochromator before the streak camera allows for the light 
emitted  from  the  sample  to  be  separated  into  different  wavelengths  so  that  the 
spectrum enters the streak camera along the horizontal coordinate. After the camera a 
photon counting integration system allows for photons arriving with the same time 
space  coordinates  to  be  counted  together  and  represented  as  photon  emission 
intensity at that specific wavelength and with that specific lifetime. The different 
intensities will be represented with different colours. 
  
Figure  4.15  Measured  photon  emission  decays  (black  line)  with  single 
exponential  fit  (red  line) for  (a)  high  and  (b)  low  concentration  solution  of 
Coumarin 102 in ethanol _________________________________________________4. Plasmonic Devices 
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4.2.2  Photon lifetime measurements of Coumarin 102 
Preliminary photon lifetime measurements were performed on both low (LC) and 
high  (HC)  concentration  solutions  of  Coumarin  102  in  order  to  estimate  the 
luminescence decay rates of the isolated and interactive dye molecules. Specifically, 
a saturated solution (~0.04 M) of Coumarin 102 in ethanol and a 1000× diluted 
solution  in  ethanol  were  considered  as  high  and  low  concentration  solutions 
respectively. Measurements were taken using the streak camera set up and integrated 
along the wavelength coordinate between 440 and 460 nm. Resulting measurements 
are plotted in Figure 4.15 together with the fitting analysis, performed using the 
Matlab software fitting tool. 
In  both  cases  the  photon  lifetime  decay  curves  could  be  fitted  with  a  single 
exponential  decay,  with  photon  lifetimes  equal  to  τHC  =  364  ±  3  ps  and 
τLC = 452 ± 3 ps respectively (error provided by the nonlinear least squares method), 
so  the  high  concentration  solution  shows  a  faster  decay  compared  with  the  low 
concentration  solution.  This  difference  is  expected  as  in  saturated  solutions  the 
intermolecular interactions introduce a further deactivation channel. In addition, an 
even  shorter  lifetime  is  expected  once  the  dye  molecules  are  deposited  on  the 
substrates  due  to  the  aggregation,  which  is  known  to  speed  up  the  deactivation 
process through the formation of exciton bands. This effect has been observed in thin 
film depositions [113] even down to monolayer coverage. 
 
Figure  4.16  Time  and  spectrally  resolved  photoluminescence  for  Coumarin 
spin coated on (a) PC and (b) AgPC substrates.  _________________________________________________4. Plasmonic Devices 
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4.2.3  MEF of Coumarin 102 
Time and spectrally resolved photoluminescence measurements were then performed 
on two samples of Coumarin 102 spin coated (as described above, from weak 0.5 
mM  solution  in  ethanol)  both  on  silver  modified  polycarbonate  substrate  and  on 
silver  free  polycarbonate  strip,  to  test  MEF  response.  The  resulting  profiles  are 
shown in Figure 4.16. From these images it is clear that an enhanced emission is 
observed from Coumarin 102 when deposited on silver impregnated polycarbonate 
substrates, compared with an unmodified substrate. 
The PL decay at different wavelengths can be extracted from slices through these 
profiles and a qualitative comparison is shown in Figure 4.17. The PL decays of 
Coumarin 102 on a pure polycarbonate substrate (solid lines) are taken from Figure 
4.16 (a) for decays at 435, 450 and 465 nm and plotted together with the respective 
PL decays of Coumarin 102 on silver polycarbonate substrate (dotted lines), taken 
from  Figure  4.16  (b).  A  clear  reduction  in  photon  lifetime  is  observed  at  each 
wavelength  when  Coumarin  is  deposited  on  the  silver  modified  substrate. 
Furthermore, with the PL decay profiles plotted on a logarithmic scale, it is clear that 
the Coumarin films on both substrates are no longer governed by a single exponential 
behaviour, but are now, in fact, characterized by a bi exponential behaviour. The 
possible  reasons  for  this  bi exponential  behaviour  will  be  discussed  after  the 
quantitative analysis of the average fast and slow component.  
 
Figure  4.17    From  Figure  4.16  (a)&(b),  PL  decays  of  Coumarin  102  on 
polycarbonate  strip  (solid  line)  and  on  silver  polycarbonate  (dotted  line) 
substrates at (a) 435 nm, (b) 450 nm and (c) 465 nm. _________________________________________________4. Plasmonic Devices 
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For quantitative analysis, the time integrated PL spectra (Figure 4.18) was calculated 
by adding up the emission for the whole wavelength range over the time coordinate.  
Comparing  the  PL  spectra  in  Figure  4.18  the  emission  intensity  for  Coumarin 
deposited on the silver polycarbonate substrate (dotted line) is about 8.5 times higher 
than the emission on the control sample (solid line). This enhancement factor is in 
the same order of those reported elsewhere in the literature [114].  
 
Figure 4.18 Integrated PL spectra of Coumarin 102 on pure polycarbonate 
strip (solid line) and on silver polycarbonate (dotted line) substrates. 
 
Figure 4.19 Average PL decays for Coumarin on polycarbonate strip (solid 
line) and on silver polycarbonate (dotted line) substrates. _________________________________________________4. Plasmonic Devices 
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The  averaged  PL  decay  curves,  shown  in  Figure  4.19,  were  calculated  for  the 
wavelength range 438 468 nm where the  emission was greatest. From  the decay 
curves  it  is  clear  that  the  observed  enhanced  fluorescence  is  accompanied  by  a 
reduction in the photon lifetime. The bi exponential behaviour was investigated by 
fitting these curves with double exponentials to obtain both the fast (τ1) and slow (τ2) 
components. PL decays (black lines) for Coumarin spin coated on (a) PC and (b) 
AgPC substrates are plotted in Figure 4.20 together with the double exponential fit 
obtained using the Matlab software fitting tool (nonlinear least squares method).  
The following photon lifetime values of τ1 = 172 ± 2 ps and τ2 = 1627 ± 37 ps were 
obtained for Coumarin 102 deposited on the pure polycarbonate substrate (a) and the 
modified lifetimes of τ1* = 154 ± 3 ps and τ2* = 889 ± 26 ps were obtained for 
Coumarin 102 on the silver polycarbonate substrate (b). 
This bi exponential behaviour can be attributed to the coexistence of aggregates, as 
the fast species, and monomers, as slow species, in the films [113, 115]. In fact, in 
accordance with the preliminary photon lifetime measurements on the HC and LC 
Coumarin 102 solutions (Section 4.2.2), interactive molecules and aggregates are 
expected to exhibit a fast decay rate (small value of τ, comparable with τ1) whilst 
monomers would exhibit a slower decay rate (τ in the same order of τ2).  
 
Figure  4.20  Average  PL  decays  for  Coumarin  (black  line)  on  pure 
polycarbonate  (a)  and  on  silver  polycarbonate  (b)  substrates  together  with 
double exponential fit (red line) _________________________________________________4. Plasmonic Devices 
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Comparing the values of τi (i=1,2) with the corresponding values of τi*,  it is clear 
that, although in both cases there is an observed reduction in lifetime, the lifetime of 
the monomers is more strongly affected by the presence of the silver nanoparticles.  
The  Purcell  enhancement  factor  F  [116],  introduced  in  Section  2.4,  has  been 
calculated for the two species obtaining the values F1 = τ1/τ1* = 1.12 ± 0.03 for the 
fast species associated with aggregates and F2 = τ2/τ2* = 1.83 ± 0.10 for the slow 
species associated with the monomers. The difference in the enhancement factors can 
be attributed to a delocalization of the excitonic dipole in the aggregates, so that the 
overlap with the plasmon enhanced field is reduced for the aggregates compared with 
the monomers [117].  
 
Figure 4.21 (a) Fast and (b) slow components of the photon emission rate for 
Coumarin  on  polycarbonate  (circle)  and  on  silver  polycarbonate  (star) 
substrates as functions of wavelength. _________________________________________________4. Plasmonic Devices 
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Comparing  the  enhancement  factors  measured  by  the  time  integrated  emission 
(~8.5×) with the Purcell factors which take into account the reduction in photon 
lifetime (<1.83×), a discrepancy is observed. This difference suggests that the metal 
enhanced fluorescence is not only due to a modification of the radiative channels, but 
that additional factors, such as an increase of the absorption cross section [75, 118, 
119],  also  need  to  be  considered.  In  fact,  localised  surface  plasmons  have  been 
demonstrated to enhance a range of optical mechanisms, such as absorption, but a 
quantitative evaluation of the contribution from a single mechanism has been limited 
by experimental factors.  
4.2.4 Wavelength dependence of the Purcell factor 
Using the time and spectrally resolved PL profiles in Figure 4.16, the emission rates 
and  the  Purcell  enhancement  factors  have  been  investigated  as  functions  of 
wavelength. The emission rates have been calculated from the PL decays for selected 
wavelengths over the emission peak (433, 438, 443, 448, 453, 463 and 473 nm). 
Each point has been obtained by averaging the PL decay over a ±5 nm range in order 
to  reduce  the  errors.  The  resulting  values  for  both  the  fast  (k1)  and  slow  (k2) 
components of the photon emission rate have been plotted for the two substrates in 
Figure 4.21 (a b). 
 
Figure  4.22  Purcell  factor  F  for  the  fast  (square)  and  slow  (triangle) 
components as a function of wavelength. _________________________________________________4. Plasmonic Devices 
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At  each  wavelength  the  photon  emission  rate  of  Coumarin  102  clearly  increases 
when deposited on silver modified substrates, but by different factors. In order to 
quantify these differences with the wavelength, the corresponding Purcell factors 
F(λ) = k*(λ)/k(λ) have been calculated and then plotted in Figure 4.22.  
From  this  figure,  it  is  clear  that  the  fast  and  slow  components  show  a  different 
response to the surface plasmon excitation as a function of wavelength. In particular, 
the  rate  enhancement  F2(λ)  of  the  slow  component,  associated  with  the  dye 
monomers,  exhibits  an  oscillatory  behaviour  which  is  similar  to  the  results 
previously reported by Okamoto et al. [72] (see Figure 2.9). The fast component 
F1(λ)  appears  to  only  exhibit  a  minimum  around  the  emission  peak  at  450  nm, 
though this could also be due to an oscillatory behaviour which occurs over a larger 
wavelength scale. Further investigation of this behaviour over a wider wavelength 
range was not possible due to the weakening of the emission spectrum of the dye 
molecule (see Figure 4.12). 
In summary, silver impregnated polycarbonate substrates have been demonstrated to 
be excellent candidates for MEF applications, showing a PL enhancement factor in 
the  order  of  10.  Photoluminescence  is  an  important  mechanism  for  analysis  of 
biological  samples  and  these  substrates  may  be  particularly  suitable  for  this 
application due to the biocompatibility of the polycarbonate.  
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Chapter 5 
5.Summary and future directions for 
Part I 
In  Part  I  of  this  thesis  the  fabrication  and  characterisation  of  silver  impregnated 
polycarbonate substrates have been presented. After introducing plasmonic theory 
and some of the experimental findings in literature, the fabrication method of these 
metal polymer composites based on a supercritical fluid impregnation technique was 
described. 
These silver impregnated polycarbonate substrates were designed in collaboration 
with  Nottingham  University  and  tested  as  plasmonic  substrates  for  sensing, 
potentially targeting bio sensing applications. For this reason, the objectives were 
identified in obtaining a satisfying plasmonic response (SERS enhancement factor of 
at least 10
5 and MEF in the order of 10), reproducibility of the signal, temporal 
stability of the plasmonic properties whilst maintaining a low fabrication cost. 
It is difficult to quantify costs involved in the fabrication, but there are several clear 
advantages  in  the  presented  fabrication  method  which  can  lead  to  inexpensive 
substrates. Firstly, the fabrication method is based on a single reactor process, so     5. Summary and future directions for Part I 
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costs of the space occupied by the necessary facilities are reduced; furthermore, the 
process is still to be optimised in terms of time necessary at each step and it is highly 
scalable to allow for impregnation of large polymeric sheets, reducing cost impact on 
the single substrate.  
Characterisation  of  the  fabricated  substrates  has  been  performed  by  varying 
impregnation parameters such as the amount of the precursors, the pressure and the 
impregnation time. TEM imaging of two substrates A and B fabricated at different 
pressure values revealed the formation of nanoparticles uniformly distributed within 
the first few microns from the surface. A clear inner boundary of the impregnated 
area was observed on substrate A and in general the impregnation depth was shown 
to  depend  on  the  impregnation  time.  The  composition  techniques  (selected  area 
electron  diffraction  and  energy  dispersive  X ray  spectroscopy)  confirmed  the 
nanoparticles were made of metallic silver. Spectroscopic analysis (absorption and 
reflection spectra) showed a broad plasmon resonance peak due to a distribution of 
the nanoparticle size. Finally, the prism coupling technique was used to measure the 
impregnated film refractive index and identify a relative impregnation density.  
Thanks to the feedback provided to the fabrication team, the plasmonic response 
target was achieved in that measurements of the SERS response of two different 
target molecules deposited by a drop cast method from ethanol and water solutions 
have revealed enhancement factors up to an estimated value of 10
5, in off resonant 
conditions, comparable with commercially available plasmonic substrates such as 
Klarite
®. The best result was achieved in a substrate fabricated with 200 mg mass 
precursor, at an impregnation pressure of 10.3 MPa, tested with an ethanol solution 
of 4 ATP. This result is even more remarkable as it was obtained in off resonant 
conditions, so the enhancement factor is expected to increase of a further 10
2 in 
resonant conditions [95]. MEF response target for the same substrate has also been 
achieved, obtaining a PL enhancement factor of ∼8.5 accompanied by a reduction in 
photon lifetime. In this context, Purcell Factor wavelength dependence has also been 
discussed. Considering the results, these plasmonic substrates are expected to show 
good  performances  for  other  enhanced  optical  phenomena,  such  as  enhanced 
absorption or enhanced energy transfer [120], which could be the object of future 
work. As part of future work, resonant SERS measurements (at 400 nm excitation     5. Summary and future directions for Part I 
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wavelength)  need  to  be  performed  to  verify  the  higher  enhancement  factor 
achievable with these substrates. Moreover, biocompatibility of these substrates also 
needs to be demonstrated in order to target bio sensing applications.  
Temporal stability of these silver impregnated polycarbonate substrates has also been 
demonstrated  by  repeating  SERS  measurements  after  more  than  one  month  and 
obtaining comparable results. Moreover, signal was still present in substrates which 
were tested after more than one year.  
Reproducibility of the SERS response was also tested, but, in this case, results were 
unsatisfactory, observing in standard (not post processed) samples a signal variation 
of  90%  where  present  and  in  some  points  no  response  at  all.  Results  improved 
significantly  in  substrates  which  were  post processed  by  RIE  etching,  achieving 
SERS signal variation lower than 50% across the substrate. This improvement in 
reproducibility of the signal has been attributed to a more uniform distribution of the 
metal  nanoparticles  deeper  into  the  substrates.  The  demonstrated  ability  to  post 
process  the  substrates  using  oxygen  reactive  ion  etching  has  also  introduced  an 
additional  level  of  structural  design  to  the  substrates.  Controlled  etching  of  the 
substrates can be employed as part of the fabrication in order to obtain a better 
reproducibility  of  the  signal  and,  for  future  work,  it  will  allow  for  fabricating 
structures such as optical waveguides. These geometries may be advantageous in the 
case of SERS applications as the enhanced propagation length averages over many 
plasmon analyte interactions, thus offering increased sensitivity and reproducibility 
of the measured response. 
The nanocomposites showed SERS and MEF responses comparable with the results 
of other substrates reported in the literature and they can offer some benefits over 
other  conventional  plasmonic  substrates,  in  that  they  are  temporally  stable, 
potentially biocompatible and could be made relatively cheaply. These substrates are 
excellent candidates for applications in routine medical analysis, biological sensors 
and nanophotonics.      5. Summary and future directions for Part I 
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PART II 
Semiconductor modified 
Microstructured Optical Fibres 
 
Figure  II-1    Bundle  of  germanium  wires  etched  out  from  microstructured 
optical fibres. The glass fibre is glowing from blue laser light launched into the 
cladding [121].     PART II: Semiconductor modified MOFs 
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In  2009  the  Nobel  Prize  in  Physics  was  awarded  to  Charles  K.  Kao  "for 
groundbreaking  achievements  concerning  the  transmission  of  light  in  fibres  for 
optical communication". In 1965 the available silica glass fibres transmitted light 
signals over only 20 meters and found their first applications in medicine for internal 
medical examinations. Kao suggested that the short transmission length was due to 
impurities  in  the  silica  glass  and  calculated  that  a  pure  silica  glass  fibre  could 
transmit light signals over 100 kilometres [122]. In the 1970s the first high purity 
silica glass fibre was fabricated [123]. At the same time a GaAs semiconductor laser, 
operating continuously at room temperature, was demonstrated. The availability of a 
compact optical source and low loss optical fibres lead to the development of the first 
telecommunication system.  
Since  then,  optical  fibres  and  semiconductor  technologies  have  been  developed 
simultaneously, with the achievements in one field boosting improvements in the 
other. Both constitute the backbone of modern communication technologies and have 
found applications in everyday life from medicine to the internet. Nowadays, more 
than  one  billion  kilometres  of  optical  fibre  and  as  many  semiconductor  devices 
generate, transport, manipulate and detect light signals allowing for simultaneous 
phone calls and internet communications worldwide. 
Nonetheless the process of converting photons to electrons and vice versa is not very 
efficient, as it requires coupling devices with an enormous loss of power, alignment 
restrictions, overall limitation in the bandwidth and the devices are cumbersome. For 
example, in the 80s the problem of the signal attenuation required placing solid state 
repeaters every 60 70 km, limiting fibre communications to continental land (or you 
could  put  continental  landmass),  as  electronic  repeaters  require  easy  access  for 
maintenance. A more elegant solution to this problem was provided in 1985 with the 
invention  of  the  erbium doped  fibre  amplifier.  EDFAs  became  commercially 
available in the early 90s and replaced the electronic devices creating a new all fibre 
system and opening up to long haul (transoceanic) communications.  
Solid  state  devices  are  still  required  to  generate,  process  and  detect  light,  but 
implementing semiconductor technology inside optical fibres could allow signals to 
be manipulated without having to leave the fibre. Deposition of semiconductors such     PART II: Semiconductor modified MOFs 
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as silicon inside optical fibres can potentially lead to a new generation of integrated 
all fibre devices, which could potentially have a huge impact on telecommunications 
in terms of increased speed and transmission efficiency.  
 
Figure II-2  Light peak, by Intel. The world’s largest semiconductor chip maker 
is  launching  in  2010  a  new  optical  cable  component  to  connect  electronic 
devices with each other, starting at 10 Gb/s. 
 
Figure  II-3    Picture  of  potential  application  of  semiconductor  modified 
microstructured optical fibre: semiconductor integration could be implemented 
inside optical fibres     PART II: Semiconductor modified MOFs 
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In PART II of this thesis our work in the deposition of semiconductor material inside 
optical  fibres  will  be  shown.  After  discussing  optical  fibres  and  their  operation 
principle, semiconductor materials will be introduced with a particular focus on the 
electronic  and  optical  properties  of  silicon  (single  crystalline,  polycrystalline  and 
amorphous) and germanium, which are the semiconductors used for this project.  
The deposition process of semiconductor material inside optical fibres combines high 
pressure microfluidic with chemical vapour deposition (CVD) to deposit amorphous 
materials  and  requires  further  annealing  to  crystallise  the  semiconductor.  The 
structural investigation of materials obtained with different deposition parameters has 
been necessary in order to tailor specific requirements. Part of the semiconductor 
wires have been etched out of the fibre and then characterised using imaging (SEM 
and  TEM),  whilst  Raman  spectroscopy  has  been  performed  on  samples  before 
(focusing through the silica glass) and after the etching.  
Owing  to  the  widespread  interest  in  silicon  photonics,  as  will  be  discussed  in 
section 7.3,  investigations  have  been  focused  on  silicon  modified  capillaries. 
Transmission loss measurements have been performed on a range of amorphous and 
polycrystalline  silicon  samples,  using  a  cut back  technique.  The  obtained  results 
show loss values which are favourably comparable to values reported in literature. 
Both amorphous and polysilicon modified fibres can potentially find application in a 
range of photonic and signal processing devices.  
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Chapter 6 
6.Optical Fibres 
 
Figure 6.1 International undersea network of fibre optic communication system 
around year 2000 [124]. 
Standard optical fibres transmit optical signals relying on the mechanism of total 
internal reflection, where the electromagnetic wave carrying the information can be 
trapped in a high refractive index core, and thus propagate along the fibre. Although     ___6. Optical Fibres 
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this fundamental mechanism has been known since 1854 [125], prototypes of glass 
fibres have only been dated from the beginning of 1920 [126]. In the 1950s a suitable 
low index, flexible material for the cladding was developed and optical fibres started 
being used to transfer images (in a mechanism similar to certain insect eyes), finding 
applications  in  medicine  [127,  128].  It  is  not  until  the  1970s  when  fabrication 
technology  was  developed  sufficiently  to  achieve  a  high  purity  silica  glass  and 
transmission  losses  were  reduced  to  20  dB/km  [123]  that  fibres  were  ready  for 
telecommunications.  Optical  fibres  are  now  synonymous  with  telecommunication 
systems, although they still find applications in several other fields such as sensors 
and medicine. 
The  foundation  of  the  optical  fibre  operation  is  the  physical  mechanism  of  total 
internal reflection, where the light that carries information propagates within a higher 
refractive index core surrounded by a lower index cladding. Optical fibre technology 
does not stop there, since the fabrication of the first optical fibre in 1970, research 
efforts  have  been  focused  on  improving  guiding  properties  and,  in  particular, 
reducing propagation losses. As soon as transmission losses were reduced enough to 
enable signal transmission over several kilometres, new challenges appeared such as 
the control of dispersion and non linear effects.  
Although the first attempts to introduce air gaps in the cladding are dated in the early 
70s [129], it was not until more than 20 years later that this idea was developed and 
refined to bring practical advantages. In 1995, Birks and co workers [130] proposed 
to implement microstructures into the cladding in order to introduce a further level of 
design and control of the fibre guiding properties. Air holes running along the fibre 
were adopted, setting off the establishment of the microstructured optical fibre. 
In this chapter an overview on optical fibres will be presented. Starting with simple 
step  index  fibres,  the  guiding  mechanism  of  total  internal  reflection  will  be 
presented. Coupling parameters such as numerical aperture and Fresnel reflections 
will  be  discussed  together  with  transmission  loss  mechanisms,  focusing  on  the 
specific case of silicon as the core material. Finally, microstructured optical fibres 
will  be  introduced  as  single  material  fibres  presenting  an  arrangement  of  holes     ___6. Optical Fibres 
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running along the fibre length. These fibres can be used as 2D templates for material 
deposition. 
6.1  Step-index fibres 
Step  index  fibres  are  so  called  because  of  the  abrupt  change  in  refractive  index 
between core and cladding (Figure 6.2). Specifically the core has a higher refractive 
index compared with the cladding and the principle of operation is total internal 
reflection.  
 
Figure 6.2 Schematic of step index fibre cross section with refractive index 
profile. 
6.1.1  Total internal reflection 
When light travelling in a high refractive index material (n1) meets an interface with 
a lower refractive index (n2) then, in general, the ray is partially reflected back and 
partially refracted into the second medium, far from the normal to the interface (see 
Figure 6.3) according to Snell’s law: 
r i n n θ θ sin sin 2 1 =                                                  (6.1)     ___6. Optical Fibres 
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Figure 6.3 Schematic of total internal reflection mechanism. 
where θi and θr are the incident and the refraction angle respectively. When θi is 
bigger than the critical angle θC, with θC such as: 
1
2 sin
n
n
C = θ                                                        (6.2) 
light is entirely reflected back in the same medium and this phenomenon is known as 
total internal reflection.  
In an optical fibre, the cylindrical symmetry of the core cladding interface guarantees 
that light which is totally reflected at the first interface will continue to be reflected, 
thus staying trapped and travelling along the fibre. 
Before it can be guided, light must first be coupled efficiently inside the fibre itself. 
Coming  from  air,  through  lenses  or  from  another  fibre,  two  parameters  must  be 
considered: firstly the numerical aperture (NA), which is a geometrical factor that 
indicates the light gathering capabilities of the fibre, and the Fresnel reflection which 
determines  the  coupling  losses  due  to  reflection  at  the  input  interface  owing  to 
differences in the refractive index. 
 
Figure 6.4 Schematic of input coupling. Numerical aperture is obtained from 
the value of θA which correspond to θ=θC.     ___6. Optical Fibres 
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6.1.2  Numerical aperture 
As a general assumption, the medium at the input will have a refractive index (n0) 
different  from  the  cladding  (n2).  Assuming  that  the  input  surface  is  perfectly 
perpendicular to the propagation direction, the numerical aperture is given by the 
maximum incident angle θA for a ray in order to generate total internal reflection 
(θ=θC) as for the following [122]: 
C A n n NA θ θ cos sin 1 0 = =                                     (6.3) 
which, using Eq.(6.2) and trigonometric relations can be rewritten as: 
( ) 2
1 2
2
2
1 n n NA − =                                             (6.4) 
showing that the numerical aperture only depends on the fibre material parameters. 
In an approximation of a small refractive index difference ( 2 1 n n ≅ ), Eq.(6.4) can be 
rewritten as: 
  = 2 1 n NA                                                (6.5) 
where   is the relative core cladding index difference: 
1
2 1
n
n n −
=    .                                               (6.6) 
The numerical aperture provides the acceptance angle of the optical fibre, therefore 
when launching light into the core, it is important to match the NA of the coupling 
lens to that of the fibre to obtain an efficient coupling.  
6.1.3  Fresnel reflection 
Fresnel  equations  provide  the  reflection  and  transmission  coefficients  for  an 
electromagnetic wave which is incident on an interface. The reflection coefficients     ___6. Optical Fibres 
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// r  and  ⊥ r  for the components polarised parallel and perpendicular respectively to the 
incident field can be expressed by the following:  
t i
t i
n n
n n
r
θ θ
θ θ
cos cos
cos cos
1 0
1 0
+
−
= ⊥          and         
i t
i t
n n
n n
r
θ θ
θ θ
cos cos
cos cos
1 0
1 0
// +
−
=                (6.7) 
where θi is the incident angle and θt is the transmitted angle, which is connected to θi 
and  to  the  refractive  index  of  the  two  mediums  (n0  and  n1)  by  the  Snell’s  Law 
Eq.(6.1). The fraction of power that is reflected back is given by their respective 
squared values:  
( )
2
⊥ ⊥ = r R           and           ( )
2
// // r R =  .                                   (6.8) 
In the case of unpolarised light the reflected power (%) is: 
2
// R R
R
+
=
⊥   .                                                 (6.9) 
For example, when coupling light into an optical fibre, Fresnel reflection takes into 
account the amount of light that is reflected back at the air/fibre interface because of 
the difference in the refractive index. This term becomes significant for free space 
coupling  into  a  high  refractive  index  core.  If  we  consider  the  particular  case  of 
normal incidence (θi = θt = 0), then Eq.(6.7) can be rewritten as: 
0 1
0 1
// n n
n n
r r
+
−
= = ⊥                                              (6.10) 
   
Figure  6.5  Schematic  of  Fresnel  reflection.  i
r
,  r
r
and  t
r
  are  the  incident, 
reflected and transmitted field, respectively.     ___6. Optical Fibres 
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It can be shown that at the air/silicon interface, in the case of a silicon core with a 
refractive index of ~3.4, the Fresnel reflection R is about 30% of the incident power. 
This factor can be reduced by treating the input surface with anti reflection coating, 
which can cut reflection losses to virtually zero [131]. 
6.2  Wave optics 
Geometrical optics can help visualise light travelling in optical fibres and in some 
cases, as shown in Sections 6.1.2 and 6.1.3, it provides a simple tool to describe fibre 
optics  phenomena.  In  general,  however,  another  approach  must  be  taken  for  the 
description  of  the  guided  signal.  A  rigorous  approach  starts  from  Maxwell’s 
equations describing the propagation of the field components and provides a discrete 
and  limited  set  of  transverse  modes,  however  the  mathematical  formalism  is 
cumbersome.   
Most of the material effects on the guided field can be described using a simpler 
approach, which only considers the amplitude of the guided field and is useful for 
designing lightwave systems. The amplitude A of the guided field varies along the 
propagating direction z according to the non linear Schrödinger equation [122]:  
) , ( ) , ( ) , (
2
) , (
2
) , ( 2
2
2
2 t z A t z A i t z A
t
t z A i
z
t z A
γ
α β
+ −
∂
∂
− =
∂
∂
               (6.11) 
where  2 β  is the dispersion parameter, α is the attenuation constant and γ  is the non 
linear parameter. The three terms on the right hand side of Eq. (6.11) account for the 
dispersion, losses and non linearities in the fibre, respectively, and will be discussed 
in the following sections.  
6.2.1  Dispersion 
In a homogeneous medium, dispersion arises from different frequencies experiencing 
a  slightly  different  refractive  index,  as  ) (ω n n =   (chromatic  dispersion).  In 
waveguides, an additional dispersion contribution arises from the tail of the field     ___6. Optical Fibres 
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distribution extending into the cladding (low refractive index) by an amount that is 
different  for  each  wavelength  (waveguide  dispersion).  In  both  cases,  each 
wavelength is caused to travel at a different speed and the pulse to spread in time. 
Interestingly, dispersion can be exploited [this word doesn’t feel right, utilised might 
be  better]  in  order  to  shape  a  pulse  by  adding  dopants  to  the  material  or  by 
engineering waveguide structures.  
The dispersion length LD provide the length scale over which dispersion becomes 
important and can be calculated as [132]:  
2
2
0
β
T
LD =                                                   (6.12) 
where T0 is the pulse width, measured where the pulse intensity is 1/e
2 times its peak 
value. This value is proportional to the full width half maximum (FWHM), which is 
commonly provided, by a factor that depends on the pulse shape. For example, in the 
case of a gaussian pulse TFWHM = 1.665 T0, whilst in the case of a hyperbolic secant 
pulse TFWHM = 1.763 T0. 
In a 5.6  m diameter silicon wire, at 1540 nm,  2 β  can be estimated to be ~1 ps
2/m 
[133].  Assuming  a  hyperbolic  secant  pulse  with  TFWHM  =  5 ps,  the  calculated 
dispersion length is LD ~ 8 m. Due to the short length of the semiconductor modified 
samples presented in this thesis (~1 cm), dispersion contribution is negligible and 
will not be investigated further. 
6.2.2  Fibre Losses 
While coupling parameters such as numerical aperture and Fresnel reflections need 
to  be  accounted  for  in  order  to  optimise  the  power  coupled  into  the  fibre, 
transmission losses are responsible for the amount of power loss during propagation 
in the fibre and hence for the signal attenuation. Losses are not only important in 
terms of transmission, but are especially important to determine whether or not non 
linear  processes  can  be  observed,  as  they  depend  on  the  power  density  (see 
Section 6.2.3).      ___6. Optical Fibres 
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6.2.2.1  Attenuation 
Considering only the loss term in Eq.(6.11) yields: 
) (
2
) (
z A
z
z A α
− =
∂
∂                                           (6.13) 
which is readily solved, providing the expression of the field amplitude as a function 
of the distance z: 
( ) 




− = z A z A
2
exp 0
α
                                        (6.14) 
where  ). 0 ( 0 A A =  The expression for the power as a function of the propagation 
distance can be obtained by the square of Eq.(6.14) as 
( ) ( ) z P z P α − = exp 0                                           (6.15) 
where P0=P(0) represents the input (coupled) power.  
The attenuation constant α can be expressed in dB/m using the following: 
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m dB α                                   (6.16) 
where  L  is  the  propagation  distance  in  metres.  This  expression  will  be  used  in 
Section 9.2, where the technique used for loss measurements will be described. 
6.2.2.2  Scattering losses 
Together with absorption losses which depend on the material, scattering losses also 
contribute towards the overall signal attenuation. Different types of scattering can 
occur depending on the dimension of crystalline defects or irregularities compared 
with the wavelength of the propagating light [122]. 
When defects are smaller than the optical wavelength or the density in the material 
changes slightly due to the fabrication process, these irregularities can be seen by the 
propagating field as local fluctuations in the refractive index. In this case, Rayleigh     ___6. Optical Fibres 
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scattering occurs and the scattering cross section depends on the optical wavelength 
as λ
 4, so that the losses can be expressed as: 
4 λ
α
C
Rayleigh =                                                (6.17) 
where C is a constant dependent on the material. 
Rayleigh scattering is the most common type of scattering loss, but Mie scattering 
should also be considered. This process has been explained in detail in Part I, in the 
context of light scattering from small metallic particles. Similarly, it can also be a 
source  of  propagation  losses  when  defects  and  irregularities  have  dimensions 
comparable with the optical wavelength. For example, core radius variation along 
the length of the fibre can result in Mie scattering losses [134].  
6.2.3  Non-linear optics 
The last term in Eq.(6.11) accounts for the non linear response of the material, as 
suggested by the term’s dependence on the third power of the field amplitude. Non 
linear behaviour occurs when high power densities are present in a material. In this 
case the refractive index of the medium can be written as [132]: 








+ = ′
eff A
P
n n n 2 1                                          (6.18) 
where n1 and n2 are different from what was previously defined. In this context n1 is 
the linear refractive index, n2 is the non linear refractive index (also referred to as the 
Kerr coefficient), P is the optical power and Aeff  the effective mode area [122] (their 
ratio indicating the power density). For standard silica fibres, the value of n2 is about 
2.6×10
 20 m
2/W, while for crystalline silicon it has been measured to be in the order 
of  10
 18 m
2/W  [135],  showing  that  non linearities  in  silicon  are  a  hundred  times 
larger than in silica.  
The non linear coefficient γ  in Eq.(6.11) is related to the non linear refractive index 
as follows:     ___6. Optical Fibres 
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λ
π
γ
eff A
n 2 2 ⋅
=                                               (6.19) 
This important parameter defines the fibre effective non linearities by unit length 
([γ] = M
 1W
 1) and suggests that nonlinearities can be controlled by engineering the 
effective mode area Aeff in order for them to be suppressed or enhanced. An optical 
fibre  can  be  engineered  to  tightly  confine  the  mode  in  a  small  core  in  order  to 
enhance wanted non linear effects or distribute the mode in a wide core to minimise 
unwanted  non linear  effects.  The  highest  degree  of  flexibility  into  optical  fibre 
design has been obtained by employing microstructured optical fibres. 
Some examples of non linear effects include: 
•Raman scattering, as discussed in Section 2.3.1 in a different context;  
•Self phase  modulation  (SPM)  [136],  which  is  caused  by  the  intensity 
dependence  of  the  non linear  refractive  index  term  in  Eq.(6.18).  The 
propagating pulse induces a change in the refractive index which varies with 
the  time.  This  results  into  a  phase  shift  and,  consequently,  to  spectral 
broadening of the pulse;  
•Soliton generation [137, 138], where the non linear response of the medium is 
used to balance the dispersion;  
•Supercontinuum generation [139], where high power short pulses are broadened 
by different non linear effects resulting in broadband frequency generation; 
 and many others [132, 140, 141].    
6.2.4 Wave optics in silicon 
In silicon waveguides, the non linear Schrödinger equation (6.11) can be modified to 
take into account additional non linear absorption that arises at high power regime. 
Two  photon  absorption  (TPA)  is  a  non linear  effect  where  the  simultaneous 
absorption of two photons of frequency ω brings an electron to an excited state of     ___6. Optical Fibres 
    100 
energy correspondent to 2ω. In semiconductors such as silicon, this non linear effect 
causes the formation of electron hole pairs and, hence, generates free carriers which 
can remain in the semiconductor material for a relatively extended period before 
recombining. This effect is detrimental for high power optical applications, as TPA 
induced free carriers cause absorption and thus they represent an additional source of 
optical losses. Consequently, the Eq.(6.11) can be modified as follows: 
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where 
eff
TPA
A
i
2
β
γ γ + = ′   is  the  modified  non linear  parameter,  with  TPA β   being  the 
TPA parameter, and  f σ  represents the losses corresponding to the TPA induced free 
carriers. TPA parameter has been reported in silicon to be  TPA β =5×10
 12 m/W [142] 
at 1550 nm, whilst  f σ  is proportional to the free carrier density  f N , with [143] 
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where  f τ  is the free carrier lifetime [144]. In silicon, this value has been reported to 
be in the order of few hundreds of picoseconds [145].  
These  equations  must  be  considered  for  a  quantitative  analysis  of  non linear 
experiments in silicon modified optical fibre. In particular for high power, non linear 
applications, measurements of linear losses are not sufficient and non linear losses 
need  to  be  taken  into  account.  Ultimately,  overall  low  losses  are  the  necessary 
condition for powers to stay high in the waveguide in order to observe non linear 
effects. Although experiments reported in this thesis are conducted in linear regime, 
these considerations are preliminary to the intended non linear applications of the 
silicon modified fibre. Moreover, the challenge related to optical losses caused by 
TPA induced free carrier is here formally introduced and it will be picked up again in 
Section 7.3, where some solutions reported in  literature,  aimed to overcome this 
problem, will be discussed.     ___6. Optical Fibres 
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Figure 6.6 Cross sectional micrograph of some of the microstructured optical 
fibres produced at the ORC.   
6.3  Microstructured Optical Fibres 
Microstructured optical fibres are characterised by an arrangement of small holes that 
run along the fibre length so that the guiding mechanism can be different to the 
conventional step index method. Specifically there are two main types of MOFs: 
holey fibres and photonic bandgap fibres (PBGFs).  
In the first type, confinement is achieved using a modified total internal reflection, in 
that holes are placed around a solid core, not necessarily in a periodic way, and 
forming a structure whose size is comparable with the wavelength of the transmitted 
light. Light will therefore experience an average lower refractive index surrounding 
the core due to the presence of air in the holes analogous to a step index fibre.  
Whereas photonic bandgap fibres (PBGFs) exploit the principle of photonic bandgap 
guiding  (hence  their  name),  which  is  completely  different  from  total  internal 
reflection. In this case, air holes are arranged periodically in the transverse dimension 
in order to reproduce a two dimensional photonic crystal running along the fibre 
length so that some wavelength ranges are forbidden from entering the structured 
cladding (photonic bandgap) and it is consequently confined in the (defect) core. 
Since these fibres guide with a different mechanism they have the interesting feature 
of being able to guide light in a low refractive index (or hollow) core.      ___6. Optical Fibres 
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Figure 6.7 First demonstration of an MOF by Kaiser and co workers[129]. 
Historically, the first steps towards MOFs were made in the early 1970s when Kaiser 
and co workers fabricated a fibre consisting of a small rod suspended inside a bigger 
capillary  by  a  thin  glass  strut  (see  Figure  6.7)  in  an  attempt  to  reduce  the 
transmission losses of silica glass fibres [146, 147], which were still suffering from 
high material losses.  
Only a few years later Yariv and co workers theoretically proposed a fibre where 
light would be confined in a lower index core by Bragg reflection [148], fabricated 
using  alternating  high  and  low  index  cladding  materials.  However,  with  the 
development of new techniques to improve the purity of silica used for optical fibres 
[149],  transmission  losses  were  enormously  reduced  so  investigations  into  more 
complex structures were put on hold for several years.  
In 1996 Russell and co workers proposed implementing a photonic crystal structure 
inside an optical fibre [150]. They succeeded in producing an all silica fibre with an 
hexagonally shaped pattern of air holes with a “lattice defect” introduced into the 
centre of the pattern in which the light could be guided (Figure 6.8).  
Since this development a renewed interest in engineering optical fibres for a variety 
of applications has led to the fabrication of different kinds of structures able to carry 
more  power  [151],  to  have  multiple  cores  [152],  to  show  higher  or  lower  non 
linearities  [153],  or  to  exhibit  higher  birefringence  [154]  and/or  to  have  widely 
engineerable dispersion profiles [155] etc.      ___6. Optical Fibres 
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Figure 6.8 SEM micrograph of the microstructured fibre proposed by Russell 
and  co workers  in  1996.  On  the  right,  photographed  far field  pattern  at 
632.8nm [150]. 
MOFs have allowed progress in fields such as telecommunications, non linear optics, 
supercontinuum generation, medical sciences and sensing. In particular, for sensing 
applications the holes can be used as channels to host gases or liquids to be analysed 
[156]. Furthermore, the inclusion of materials inside the running holes can also be 
used  to  tailor  the  spectral  position  and  the  extent  of  the  bandgap  [157].  The 
introduction of structured holes has not only brought in additional freedom in fibre 
design and in tailoring specific properties, but they can also be used as templates to 
host  new  materials  and  potentially  integrate  devices  for  the  future  generation  of 
hybrid photonic device.  
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Chapter 7 
7.Semiconductor materials 
Since the first transistor was fabricated in 1946, semiconductor materials have been 
fundamental  to  modern  technology.  From  radio  to  solar  panels,  semiconductor 
devices can be found in a large number of everyday gadgets and have transformed 
our lifestyles over the past 50 years. 
In  this  chapter  the  fundamental  properties  of  semiconductor  materials  will  be 
introduced, showing how their electronic structure enables them to transform light 
signals into electrical signal and vice versa. The elemental semiconductors silicon 
and germanium will be presented as these materials have both been deposited inside 
the MOF templates (see Chapter 8). In particular, an insight into the exciting field of 
silicon  photonics  will  be  presented  and  the  optical  properties  of  the  different 
crystalline  states  (single  crystal,  polycrystalline  and  amorphous  silicon)  will  be 
discussed.  
7.1  Semiconductors 
Semiconductors are a class of material that present an energy gap Eg between valence 
band and conduction band that is of the order of a few electronvolts. This separation     ___7. Semiconductor materials 
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is such that at ambient temperature, thermal energy can make electrons “jump” up to 
the conduction band (Figure 7.1). 
 
Figure 7.1  Simplified energy band diagram of a semiconductor. 
The band gap value can be determined by optical absorption. In a direct bandgap 
material, a photon of energy hν> Eg is absorbed by an electron that is excited to the 
conduction  band  leaving  a  hole  in  the  valence  band.  This  transition  occurs 
“vertically”, that is with the same value of the wavevector k
r
 (Figure 7.2).  
 
Figure 7.2 Example of (a) band structure of a direct bandgap semiconductor 
and (b) corresponding absorption spectrum.     ___7. Semiconductor materials 
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The  electron hole  pair  is  called  an  exciton.  Optically  the  exciton  can  relax 
(recombination)  and  re emit  a  photon  with  energy  equal  to  the  bandgap 
(photoluminescence). Alternatively, if an external field is applied the two charges 
will travel in different directions generating current (as happens in a detector). An 
exciton  can  also  be  generated  by  injecting  an  excess  of  carriers,  which  will 
recombine at the bandgap (i.e., an electrically pumped light source). 
In  an  indirect  bandgap  semiconductor  the  band  edges  of  the  conduction  and  the 
valence band are separated in k
r
 space (see Figure 7.3), so the absorption of a photon 
of energy hν> Eg will occur only if a phonon of wave vector  g k k
r r
≈  is involved, as 
required  by  the  conservation  of  momentum  laws.  This  restriction  makes  indirect 
bandgap materials much less efficient at emitting light compared to direct bandgap 
semiconductors.  
Depending  on  their  chemical  composition,  semiconductors  can  be  intrinsic  or 
extrinsic. An intrinsic semiconductor is basically a pure semiconductor, where the 
bonds  are  formed  by  sharing  an  electron  between  two  adjacent  atoms  in  the 
crystalline  structure,  so  that  electrons  and  holes  are  present  in  equal  numbers. 
Extrinsic semiconductors are doped semiconductors, where impurities of different 
materials  are  used  to  create  an  excess  number  of  electrons  or  holes,  which 
contributes towards the total number of carriers. 
 
Figure 7.3 Example of band structure of an indirect bandgap semiconductor.     ___7. Semiconductor materials 
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7.1.1  Crystal structures 
On  an  atomic  scale,  semiconductor  materials  may  present  different  atomic 
arrangements. Semiconductors are called amorphous when the position of the atoms 
is  disordered  and  there  is  no  long  range  order,  crystalline  when  the  atoms  are 
arranged in a long range order and polycrystalline when there is a long range order, 
but ordered areas are oriented in different directions (see Figure 7.4). 
In a crystalline structure a unit cell can be identified as the smallest structure that 
reproduces  the  arrangement  of  the  atoms  in  the  crystal  when  translated  in  three 
dimensions (lattice). This cell can de described by a set of vectors,  3 2 1 , , a a a
r r r
, which 
identify the direct lattice (in the real space).  
 
Figure 7.4 Schematic of crystalline structures: (a) amorphous, (b) crystalline 
and (c) polycrystalline 
The periodicity of the lattice can also be expressed through a plane wave  ) exp( r k i
r r
⋅  
as a set of wave vectors K
r
 such as for every value of r
r
: 
[ ] ( ) [ ] r R K i r K i
r r r r r
+ ⋅ = ⋅ exp exp                                         (7.1) 
where  R
r
 are generic points in the lattice, thus: 
( ) 1 exp = ⋅R K i
r r
                                                  (7.2) 
The set of wave vectors  K
r
 is a called reciprocal lattice and is usually indicated as 
3 2 1 , , b b b
r r r
.     ___7. Semiconductor materials 
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Planes and directions in a lattice can be described by three numbers, l, m, n, called 
the Miller indices. These indices are used as coordinates to identify directions in the 
direct lattice and planes in the base of the reciprocal lattice. In particular [l m n] (i.e. 
square brackets) indicates a direction in the direct lattice base ( 3 2 1 a n a m a l d
r r r
+ + = ), 
whilst  (l  m  n)  (i.e.  round  brackets)  identifies  a  plane  in  the  reciprocal  lattice                    
( 3 2 1 b n b m b l p
r r r
+ + = ). In the particular case of a cubic unit cell the direct lattice is 
reduced  to  the  Cartesian  coordinates  and  the  direction  [l  m  n]  is  normal  to  the 
correspondent plane (l m n). 
 
Figure 7.5 Example Miller indices showing the plane of atoms they represent in 
a crystal lattice. 
 
Figure 7.6  Face centred cubic (fcc) silicon crystal structure.     ___7. Semiconductor materials 
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7.2  Group IV semiconductors 
7.2.1  Silicon 
Silicon  is  an  intrinsic  semiconductor  and  has  an  indirect  bandgap  of  ∼1.12  eV 
(1107 nm) at room temperature [158]. Its crystalline structure is a face centred cubic 
(fcc, see Figure 7.6) where each atom shares 4 electrons with the 4 nearest neighbour 
atoms and form the crystal (covalent) bond. For each atom then a total of 8 electrons 
(4 on its own and 4 from the nearest neighbour atoms) occupy the valence band. The 
bandgap of ∼1.12 eV means that silicon absorbs all light in the visible spectrum 
(opaque) while it is transparent in the infrared. 
 
Figure 7.7 Silicon energy indirect (Eg) and direct (Ed) bandgap.  
In  crystalline  silicon  all  the  atoms  are  theoretically  perfectly  arranged,  so  that 
electrons that “jump” to the conduction band can travel efficiently along the crystal 
when an external field is applied. Conductivity in silicon is intrinsically limited by 
collisions  of  carriers  with  lattice  vibrations  (phonons)  [159]  and  with  ionised 
impurities [160]. 
Silicon electronic properties have been extensively studied and it is the most widely 
used  semiconductor  material  in  modern  electronic  devices.  After  dominating 
electronics, silicon is now attracting the attention of the engineering community as an     ___7. Semiconductor materials 
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optical material, due to its well established processing technology and its desirable 
photonic properties, such as wide mid infrared transparency (up to ~ 7 µm) [161] and 
high  non linearity  (n2 ~ 10
 18 m
2/W)  [162].  This  value  of  n2  is  two  orders  of 
magnitude higher than the non linear coefficient of silica.  
Some relevant properties of crystalline silicon are shown in Table 7 1. In particular, 
the melting point value is important for the annealing process and will be relevant for 
Section  8.1.1.  Crystalline  bulk  silicon,  used  for  integrated  circuits,  is  generally 
produced by growing a seed of single crystal silicon in a melting of silica into a 
single crystal cylinder (boules), achieving a purity better than 99.99999%.  
 
c Silicon properties 
Intrinsic carrier concentration  1x10
10 cm
 3 
Mobility electrons  ≈ 1400 cm
2/(V s) 
Mobility holes  ≈ 450 cm
2/(V s) 
Intrinsic resistivity  3.3x10
5  cm 
Refractive index (@1500 nm)  3.45  
Melting point  1683 K 
Table 7-1 Some of crystalline silicon properties. 
7.2.2  Germanium 
Germanium is chemically similar to silicon, being both part of group IV, with 4 
valence electrons and with the same crystalline structure (fcc). Hence most of its 
electronic  properties  are  very  similar.  Some  of  the  properties  of  germanium  are 
reported in Table 7 2. Germanium (indirect) bandgap occurs at 0.66 eV (1.878 µm), 
which  is  well  into  the  infrared  region.  This  means  that  this  material  absorbs  at 
telecom  wavelengths  and  for  this  reason  has  found  applications  in  detectors  and 
sensing [163, 164].      ___7. Semiconductor materials 
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Figure 7.8 Germanium energy indirect (Eg) and direct (Ed) bandgap.  
 
Germanium properties 
Intrinsic carrier concentration  2x10
13 cm
 3 
Mobility electrons  ≈ 3900 cm
2/(V s) 
Mobility holes  ≈ 1900 cm
2/(V s) 
Intrinsic resistivity  47  cm 
Refractive index (@1500 nm)  ∼4 
Melting point  937 °C 
Table 7-2 Some of crystalline germanium properties. 
On the other hand its transmission window is broader than silicon, stretching up to 
~14 µm.  Furthermore,  germanium  presents  larger  non linearities  compared  with 
silicon [161]. These optical properties suggest that germanium can be used for a 
range of optical applications in the mid IR. 
7.3  Silicon photonics 
As shown in Table 7 1, silicon refractive index value is quite high compared for 
example with silica (SiO2) which is the main material used for optical fibre with a 
refractive index of about 1.45. This property, combined with silicon transparency at     ___7. Semiconductor materials 
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telecom  wavelengths,  suggests  silicon  as  a  potential  material  also  for  optical 
applications such as waveguiding. A higher refractive index material allows for a 
stronger confinement of the electromagnetic field, thus it is very desirable for certain 
guiding  properties  and,  particularly,  for  non linear  applications  (the  non linear 
coefficient in Eq.(6.19) is larger because of a smaller Aeff ).  
In particular silicon has attracted great attention as it can provide a solution to the 
issue of modern optical interconnectors. In fact modern copper interconnections have 
reached their limit in bandwidth (around 10 GHz) due to frequency dependent losses 
and dimensional scaling [1], resulting in the overall slow down of devices. Silicon 
waveguides would solve the “interconnection bottleneck” issue since they could be 
easily integrated on chip using pre existing technology [165].  
Optical losses in single crystal silicon waveguides have been reported in the order of 
0.2 3 dB/cm [166 169] at telecom wavelengths, typically with the lowest value for 
relatively large core sizes (∼5 µm) and increasing as the core size decrease. This can 
be  explained  in  terms  of  overlap  of  the  guiding  mode  with  the  core cladding 
interface. The largest contribution to the losses is due to scattering at the surface due 
to roughness from the fabrication process [168 170]. This is particularly important in 
silicon silica  waveguides  as  scattering  from  the  interface  roughness  increases  for 
increasing index contrast [171], as it will be discussed later. Consequently, a lot of 
effort has been directed towards smoothing the waveguide sidewalls [167, 172] in 
order to reduce overall transmission losses.  
Despite its many advantageous optical properties, silicon has also presented many 
challenges in photonics. Its indirect bandgap makes it an inefficient photon emitter, 
thus impeding laser operation. Nevertheless, the feasibility of a silicon laser has been 
proven by demonstrating hybrid silicon micro ring and micro disk lasers [173] and 
the first silicon Raman  laser [174, 175], the latter exploiting the high  non linear 
coefficient of silicon. Due to its Raman gain coefficient, which is ~10
3 times the 
Raman gain in silica, as well as the highly confined mode, which is made possible in 
silicon due to its high refractive index, a Raman device can be realised on a much 
smaller scale compared with the hundreds of metres necessary in case of silica fibres.      ___7. Semiconductor materials 
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Figure 7.9 Stimulated Raman Scattering gain in a silicon rib waveguide as 
function of (a) wavelength and (b) pump power [176]. 
In 2004 the first silicon Raman laser was realised by Jalali and co workers [177]. The 
main  challenge  in  achieving  an  efficient  Raman  device  has  been  identified  in 
overcoming  the  detrimental  effects  of  the  two  photon  absorption  process  which 
occurs at high powers, as discussed in section 6.2.4. 
Firstly, TPA can cause pump depletion, but this effect was found negligible by direct 
measurements  [176].  Instead,  TPA induced  free  carriers  can  strongly  increase 
absorption  losses  [178 181].  Two  main  solutions  to  overcome  this  problem  have 
been adopted: the first by using a pulsed pump [177] with a long repetition rate 
compared with 10 200 ns free carrier lifetime and the second by realising a reverse 
biased  p i n  junction  to  sweep  out  free  carriers,  thus  decreasing  the  free  carrier 
lifetime.  The  former  was  used  by  Jalali  and  co workers  to  demonstrate  the  first 
silicon Raman laser, whereas a year later, the latter allowed the demonstration of the 
first CW Raman laser by Paniccia and co workers at Intel [182].  
Numerous  non linear  silicon  photonic  devices  have  been  proposed  in 
telecommunication  networks  [165,  175,  183,  184],  including  amplifiers,  lasers, 
modulators,  signal  regeneration  and  wavelength  converters  [185].  Self phase 
modulation  in  a  2 cm  silicon  wire  waveguide  has  been  recently  demonstrated  to 
broaden a 3 ps pulse (coupled peak power ~85 W) by a factor of ~2.5, which was 
then separated into three outputs at different wavelength by ring filters [186], as      ___7. Semiconductor materials 
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Figure  7.10  Schematic  and  spectral  characteristic  of  pulse  broadening 
generated on silicon waveguide using SPM and then separated into outputs at 
different wavelengths [186].  
shown in Figure 7.10. Other potential applications have been proposed such as in 
sensing [187, 188], where lab on chips devices could be used to host the reaction and 
to perform the analysis. 
Although telecom wavelengths have been the primary reason for the development of 
silicon photonics, alternative directions are moving towards longer wavelengths. Mid 
and far infrared regions are interesting for a range of areas from imaging and sensing 
(from 3 µm up to 100 µm or THz) to missile detection (around 20 µm) and other 
military applications [189].  
Mid IR  silicon  Raman  lasers  have  already  been  considered  due  to  the  strong 
reduction of TPA effect (and consequent free carrier absorption) when photon energy 
is lower than half the bandgap energy (λ>2.2  m). Jalali and co workers have found 
virtually no non linear absorption in a silicon waveguide using a Q switched 2.9 µm 
Er YAG laser with a pulse width of 75 ns and operating power of 25 mJ (see Figure 
7.11) [190] and demonstrated a mid IR silicon Raman amplifier reporting 12 dB gain 
[191] (see Chapter 10).      ___7. Semiconductor materials 
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Figure 7.11  Optical transmission in silicon as a function of optical intensity in 
cases of 2.09 and 2.936 µm pump sources. The enhanced non linear losses at 
2.09 µm due to TPA and free carrier absorption, and the absence of these losses 
at 2.936 µm can be seen [190] 
Despite  the  progress  reported  to  date,  with  losses  of  a  few  dB/cm  in  silicon  on 
insulator rib waveguides [192], silica absorption in the infrared (beyond 4 µm) [193] 
makes SOI materials unsuitable for the development of this technology, thus free 
standing [194] silicon waveguides have been considered (see Figure 7.12) together 
with other Si Ge heterostructures [192]. 
If silicon is going to be the optimal choice to guide infrared light on chip using the 
same  silicon  layer  as  transistors,  germanium  will  be  the  material  of  choice  for 
detection of near infrared light. In fact it is already used as a material for infrared 
photodetectors  due  to  its  high  absorption  coefficient  at  optical  communication 
wavelengths. It is also compatible with standard CMOS processing allowing for an 
easy and inexpensive integration on chip.  
Germanium  waveguiding  photodetectors  (including  polycrystalline  germanium 
[195]) have already been demonstrated both on insulator [196] and on silicon [197, 
198]. Here the detection occurs in a layer of germanium via evanescent coupling of 
the field guided in the silicon waveguide. The photodetector responsivity [is that a 
word, I’m not sure] in the waveguide geometry is expected to improve compared     ___7. Semiconductor materials 
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with  normal  incident  detection  as  the  absorption  efficiency  depends  on  the 
waveguide length and not on 
 
Figure 7.12 Free standing silicon waveguide (red line) with a supporting pillar 
for far infrared silicon photonics applications. [194] 
 
Figure 7.13 (a) Cross section SEM picture of a n i p germanium waveguide 
photodetector. (b) Responsivity versus wavelength for a detector 7.4×50 µm, 
and a detector 4.4×100 µm, respectively, at  2V [197]. 
the material thickness, thus avoiding the trade off between bandwidth and sensitivity 
occurring in normal incidence detectors [199].     ___7. Semiconductor materials 
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Germanium silicon waveguides require design solutions that take into account the 
lattice mismatch of 4% between the semiconductors which usually involves the use 
of a thin middle layer of silica [200] or a buffering technique [201]. The higher 
refractive index of germanium (∼4) [202] compared with silicon, also needs to be 
considered so that a sufficient percentage of the evanescent field penetrates into the 
germanium layer whilst keeping the device compact. 
7.3.1  Amorphous silicon  
Amorphous silicon is much easier to produce than single crystalline silicon as it can 
be  deposited  in  thin  films  directly  on  a  variety  of  substrates,  including  plastics, 
because of the low process temperatures. Optically it has a higher refractive index of 
∼3.7 (@1550 nm) [203, 204] and a higher bandgap of ∼1.7 eV (~730 nm) [205] 
compared to crystalline silicon, but as a pure material it also shows higher optical 
losses.  
In amorphous materials, optical losses arise mostly from absorption. Specifically in 
amorphous silicon, the atoms are not organised in a lattice and so it happens that for 
some  atoms  one  of  the  four  outermost  electrons  cannot  find  an  available 
neighbouring  atom  to  form  a  bond,  thus  leaving  dangling  bonds.  These  defects 
correspond to intermediate electronic states in the bandgap: here excitons recombine 
releasing  phonons  (heat)  which  leads  to  optical  losses  [206].  In  order  to  reduce 
optical losses, dangling bonds are generally passivated by doping amorphous silicon 
with hydrogen. Hydrogen binds to the dangling bonds thus removing most of the 
trapping and recombination centres and improving both the optical and electronic 
properties.  
Hydrogenated amorphous silicon is usually deposited by plasma enhanced chemical 
vapour deposition (PECVD) using silane (SiH4), a silicon precursor, but deposition 
via jet printing lithographic methods has also been reported to “write” TFT devices 
[207]. PECVD technique is preferred for large area deposition, being a cost efficient 
production technique and for this reason it has been widely used for photovoltaic     ___7. Semiconductor materials 
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devices  [206].  In  general,  hydrogenated  materials  are  largely  preferred  to  pure 
amorphous silicon for photonic applications.  
Hydrogenated  amorphous  silicon  waveguides  have  been  reported  showing 
propagation losses of 0.5 1 dB/cm for multimode waveguides (height ∼4 µm) [208 
210]  and  2 5 dB/cm  for  single  mode  waveguides  (width  ∼1  µm)  at  telecom 
wavelength [203, 208, 211]. Figure 7.14 shows an example of silicon single mode rib 
waveguide, where propagation losses are calculated by measuring the intensity of the 
scattered light, which depends on the intensity of the guided light. The scattering 
losses are assumed to be constant along the waveguide, hence the angular coefficient 
of the signal provides an indirect estimation of the guiding losses, measured to be 
~2 dB/cm at 1500 nm and ~5 dB/cm at 1300 nm. 
Optical nonlinearities in hydrogenated silicon waveguides have been reported to be 
stronger than crystalline silicon waveguides, with a waveguide nonlinear coefficient 
γ = 2003 (Wm)
−1 and a nonlinear refractive index n2 = 4.2×10
−17 m
2/W [145], which 
is higher that the values reported for single crystal silicon (n2 ~ 10
 18 m
2/W).   
On the down side, amorphous silicon has limited electronic properties which narrow 
the range of applications in electro optic devices.  
 
Figure 7.14 SEM picture of single mode rib waveguide (left) and scattered light 
measurements at 1300 and 1500 nm [208].      ___7. Semiconductor materials 
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7.3.2  Polysilicon 
Polycrystalline  silicon  (or  polysilicon)  provides  a  cheaper  and  easier  solution  in 
terms of deposition process compared with mono crystalline silicon whilst retaining 
some of the crystalline properties with some compromise on performance.  
 
Figure 7.15  SEM image of a polysilicon waveguide strip [212]. 
Polysilicon optical properties also depend on its structural composition such as the 
grain size. Consequently, a variation in the refractive index and in the non linear 
(Kerr) coefficient n2 is expected. Values of non linear coefficient have been reported 
in the order of ~10
18 m
2/W, similarly to single crystal silicon.  
This material is already part of the very large scale integrated silicon technology 
being used for contacts in complementary metal oxide semiconductors (CMOS) and 
has largely surpassed single crystalline silicon in optoelectronic applications such as 
solar panels, where the large area of the device renders expensive crystalline silicon 
unsuitable  for  mass  production.  Polysilicon  is usually  produced  via  low  pressure 
chemical vapour deposition (LPCVD) via pyrolysis of silane (SiH4) in relatively low 
temperature furnaces (580 650 °C). Alternatively, a melt of low grade silicon can be 
cast  in  a  mold  and  left  to  cool  down.  This  method  is  preferred  for  photovoltaic     ___7. Semiconductor materials 
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applications as using  a  square mold allows for the obtained rods to be sliced in 
square cells that can be packed in solar cells without any waste of space [213].  
The challenge for polysilicon as a photonic material resides in its higher optical 
losses compared with single crystal silicon due to additional scattering at the grain 
boundaries. Minimising optical losses is therefore a crucial factor for its application 
in  optical  devices.  For  example,  in  optical  waveguides  most  of  the  research  has 
focused  on  minimising  scattering  losses  which  can  arise  both  from  material  and 
device design.  
Kimerling and co workers have reported a reduction in loss from 77 dB/cm [212] 
(waveguide shown in Figure 7.15) to 9 dB/cm [214] in a polysilicon waveguide with 
a silica cladding by improving the crystallinity [214, 215]. Here larger grain size 
resulted in fewer interactions of light with the grain boundaries, and also resulted in a 
smoothening of the core cladding interface where roughness can also cause light 
scattering.  This  result  is  encouraging  when  compared  with  results  from  similar 
measurements on single crystal silicon demonstrating losses of ∼1 dB/cm [212].  
The  difference  between  both  bulk  and  surface  scattering  needs  to  be  taken  into 
account. With crystalline and amorphous silicon waveguides, reducing the core of 
the  waveguide  from  ∼5  µm  to  1  µm  has  been  shown  to  increase  optical  losses 
because  of  the  increased  overlap  in  the  guiding  mode  with  the  core cladding 
interface thus increasing scattering  (see  Figure  7.16). Core size can also play an 
important role in the waveguide design as a balance  
Figure 7.16  Schematic of the intensity profile of a guided mode in (a) large 
core waveguide and (b) small core waveguide.   
CORE  CORE 
(a)  (b) 
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Figure  7.17  Simulated  and  measured  loss  as  a  function  of  polysilicon 
waveguide core thickness [214]. 
Further reduction of core sizes under 1 µm have also been studied in polysilicon 
waveguides [214] (Figure 7.17), demonstrating that optical losses could be reduced 
[170,  214]  despite  the  expected  increased  overlap  with  the  surface.  This  can  be 
explained  by  the  fact  that  when  the  core  size  is  further  reduced  down  to  a  few 
hundred nanometres, the mode expands to travel mainly in the cladding which is 
low loss compared with the bulk silicon. 
Polysilicon  has  also  been  reported  as  a  preferred  material  compared  with  single 
crystalline silicon and amorphous silicon for applications in electro optic devices 
[216, 217]. Compared with single crystalline silicon, polycrystalline silicon can be 
easily deposited in multiple layers by PECVD, enabling an easy vertical integration 
of components [217]. This is advantageous for separating optics and microelectronics 
on a chip, whilst still achieving devices which are compact and hence have low 
power consumption. On the other hand, compared with amorphous silicon, the higher 
carrier  mobility  of  polysilicon  enables  integration  of  electrically  active  photonic 
devices.  Furthermore,  in  terms  of  steady  state  conditions,  a  faster  carrier 
recombination lifetime is induced at the grain boundaries thus a steady state carrier 
concentration  is  reached  faster  compared  with  the  correspondent  single  crystal 
silicon device [218].  
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Chapter 8 
8.Semiconductor modified MOFs 
 
Figure  8.1  Hexagonal  silicon  tubes  in  a  honeycomb  microstructured 
optical fibre template [219]. Scale bar 1µm.  
In  the  previous  chapters  both  microstructured  optical  fibres  and  semiconductor 
materials  have  been  introduced.  The  inclusion  of  semiconductor  materials  within 
MOFs can potentially lead to highly engineerable devices with wide control over 
both  the  photonic  and  electronic  properties.  The  long  term  objective  of  this 
pioneering research is to create a completely new technology based on the inclusion     __8. Semiconductor modified MOFs 
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of optoelectronics devices inside optical fibres, so signals will no longer need to 
leave the optical cable to be processed, with clear practical advantages, as happened 
in  the  past  with  the  introductions  of  the  EDFAs.  Furthermore,  using  these 
semiconductor  materials,  waveguide  properties  such  as  dispersion  and  non 
linearities, can be tailored to specific requirements. In the short term, fabrication of 
compact all optical non linear devices, which exploit the high non linear coefficient 
of some semiconductor materials, is already within reach.   
Silicon and germanium have excellent electro optic responses and are probably the 
most well known semiconductor materials in terms of their properties and deposition 
technologies. Furthermore, their unique optical properties have already led to their 
use in photonics applications, which has largely been driven by their compatibility 
with pre existing electronic technologies. As a result silicon and germanium are ideal 
candidates for material inclusion inside MOFs to create a new versatile platform 
technology for optoelectronic and photonic all fibre devices. 
This approach of depositing semiconductors inside optical fibre has been taken with 
the  main  intention  of  developing  a  new  technology  which  sits  at  the  interface 
between  optical  fibre  and  silicon  chip  technology,  whist  keeping  an  eye  on  the 
current progress of planar silicon photonics. The objective of this work is moving 
some of the on chip photonic devices inside the optical fibre, with a clear advantage 
in terms of waveguide engineering and seamless coupling to existing optical fibre 
infrastructures.   
As explained in the previous chapter, silicon for example has a Raman coefficient 
which is three orders of magnitude larger than silica, so that a silicon based non 
linear device would be a thousand time shorter than the silica based counterpart. For 
comparison, other materials such as chalcogenide glasses have been used to fabricate 
compact non linear devices [220]. Chalcogenide glasses have a non linear refractive 
index n2 up to three orders of magnitude higher than silica, so that for example 20 dB 
of  Raman  gain  in  a  1.1 m long  As–Se  fibre  has  been  demonstrated  [221].  But 
although their non linear optical properties may achieve better results than silicon, 
such materials suffer from issues such as photodarkening. Thus, the first target in 
order  to  realise  optical  silicon based  nonlinear  devices  is  to  reduce  transmission     __8. Semiconductor modified MOFs 
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losses  under  a  few  dB/cm  [186]  and  the  core  diameter  to  less  than  1   m,  thus 
maintaining sufficiently high energy density along the waveguide, in order to obtain 
non linear effects such as SPM or Raman amplification.  
In this chapter pioneering work on semiconductor deposition inside microstructured 
optical fibres will be presented. A novel high pressure chemical vapour deposition 
technique has been developed in collaboration with Penn State University  (PSU 
USA) and will be described in Section 8.1. This technique uses high pressure to 
transport semiconductor precursors inside the high aspect ratio pores of an MOF, 
which is possible due to the high mechanical strength of optical fibres. An external 
furnace controls the temperature that allows for the precursors to react and deposit 
amorphous material until complete filling, whilst the smoothness of the internal walls 
of the fibre templates leads to a very high quality semiconductor silica interface. A 
further annealing step is used to nucleate crystalline grains of semiconductor, which 
grow and merge into uniform crystalline tubes that can fill the pores. Although the 
successful deposition of semiconductors has been demonstrated for several MOFs 
templates, most of the work has been performed on the simplest microstructured 
optical fibre: a capillary. Silicon core step index fibres fabricated as described in this 
chapter will be used for photonic applications in Chapter 9.  
In Section 8.2 morphological characterisation of the deposited semiconductor will be 
presented. A large amount of the structural characterisation (imaging, Raman and 
electrical characterisation) has been done in the past by other members of the group 
and  reported  back  to  the  fabrication  team  in  PSU  for  a  first  estimation  of  good 
parameters for the deposition of high quality material. This process involved analysis 
and feedback of over a hundred samples. My work started during the last part of this 
structural characterisation stage, when results were satisfactory in terms of quality of 
the material and the fabrication team was moving towards achieving long lengths of 
completely  filled  capillary,  aiming  at  standard  linear  characterisation.  Here  an 
overview  on  the  results  obtained  in  this  final  stage  of  the  morphological  and 
structural characterisation is reported.  
Firstly, the etching process used to expose the semiconductor wires will be described 
and then the results from imaging and structural characterisation will be presented.     __8. Semiconductor modified MOFs 
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The polysilicon grain size was investigated via SEM imaging analysis of Secco 
etched samples [222] and via TEM. Moreover, using Raman spectroscopy the nature 
of material (crystalline or amorphous) is determined by the width of the Raman peak. 
SEM, TEM and part of the Raman analysis presented here have also been performed 
in collaboration with Penn State University  and make up a series of preliminary 
measurements carried out for the optimisation of the deposition parameters. Here 
only the results that I have been involved with, and that are relevant for the silicon 
photonic application, are presented in Chapter 9. 
Finally electrical characterisation of annealed samples of both silicon and germanium 
modified fibres has been performed realising field effect transistor (FET) devices. 
Although the FET results and analysis reported here have been conducted by other 
members of the group as part of the deposition parameter optimisation phase, I have 
also performed FET measurements with results consistent with the previous ones. 
FET measurements provide information about deposition uniformity along the fibre 
length  and  other  key  parameters  such  as  resistivity,  carrier  type,  mobility  and 
concentration.  Germanium  modified  samples  show  a  better  electronic  behaviour 
(Section 8.3.2) and this is attributed to its lower melting point compared with silicon, 
which allows for achieving better material quality in the annealing step.  
8.1  Si/Ge high-pressure deposition technique 
Semiconductors  are  usually  deposited  for  planar  devices  by  chemical  vapour 
deposition, in that a substrate is exposed to one or more volatile precursors which 
react on the surface to produce the desired material [223]. However standard CVD is 
not applicable to the narrow and long pores of MOFs as it is usually performed at 
low (1 10 Pa) to atmospheric (∼10
5 Pa) pressures, making transport of the precursors 
impractical inside the tiny pores of MOFs. However, there is no restriction for CVD 
to be extended to high pressure.  
Supercritical  fluids  have  been  introduced  in  Section  3.1  as  they  combine  the 
solubility properties of liquids with the transport properties of gases because of the 
lack  of  surface  tension.  Furthermore,  their  physicochemical  properties  such  as     __8. Semiconductor modified MOFs 
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viscosity and density are tunable by changing their pressure and temperature. In fact, 
supercritical fluid deposition has been successfully used to deposit silicon [224] and 
germanium [225] nanowires within mesoporous silica templates.  
 
Figure 8.2 Microscope images of fully filled silicon modified fibres polished 
cross sections in the case of (a) 5.6  m core capillary, (b) 1.3  m core capillary 
fabricated by PSU/ORC. 
The high tensile strength (well in excess of that of steel) of silica fibres and the small 
internal  dimensions  of  the  structured  holes  allow  for  MOFs  to  be  used  as  high 
pressure reactors which can be pressurised to more than 10
8 Pa. Since the critical 
point of most fluids is typically less than 10
4 psi (~69 MPa) at 1000º C, which is well 
below the maximum pressure and temperature sustainable by MOFs, it is possible to 
take advantage of the unusual properties of high pressure fluids to deposit materials 
within the capillary voids.  
The combination of the exceptional mechanical properties of the fibres, the transport 
and solubility properties of supercritical fluids, and the flexibility of CVD has led to 
the development of a new deposition technique for the impregnation of functional 
materials inside MOFs that will be described in the following section. It is worth 
observing  that  this  technique  has  been  successfully  applied  by  our  group  to  the 
deposition of other materials, including metals [219, 226, 227], which are not the 
object of this thesis.      __8. Semiconductor modified MOFs 
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8.1.1  High Pressure Chemical Vapour Deposition 
For a typical high pressure chemical vapour deposition (HPCVD) process, a stainless 
steel reservoir is filled with a mixture of 5% semiconductor precursor and 95% inert 
carrier gas (argon or helium). Specifically SiH4 (silane) has been used in the case of 
silicon deposition and GeH4 (germane) in the case of germanium deposition. These 
precursors have the advantage of producing light by products from the reaction (H2), 
which  can  escape  the  silicon  capillary.  Moreover,  in  the  case  of  deposition  of 
amorphous silicon, it is possible to adjust the deposition parameters in order to leave 
some  of  the  hydrogen  in  the  deposited  material  thus  obtaining  hydrogenated 
amorphous silicon, as will be described later.  
The mixture is contained in the reservoir at a pressure of 40 MPa so the high pressure 
fluid can flow through holes ranging from 50 nm to 50 µm. A fibre of about 75 cm 
length is then attached to the reservoir and placed in an inert chamber in order to 
evacuate air from the fibre holder: this step is very important as once the reservoir is 
opened silane would immediately react with the oxygen in the air and produce silica 
(SiO2) blocking off the flow at the entrance to the fibre, if not causing it to explode! 
The fibre is left in acetone for 20 minutes in order to strip off the polymer coating 
that would otherwise burn when in the furnace. It is then placed in a ∼30 cm long 
furnace keeping the reservoir as close as possible to the entrance of the furnace in 
order to ensure the highest values of the pressure (which decreases along the fibre) 
i.e.  in  the  heated  area  and,  most  importantly,  the  reproducibility  of  the  distance 
between the reservoir and the centre of the furnace. The furnace is then heated up to 
400 or 500 °C with a ramp ∼2 °C/min and then kept constant until the end of the 
deposition process (3 4 days). The flow is checked by placing the output end of the 
fibre in mineral spirit and observing the formation of the bubbles.  
The chosen set temperature is different in the case of silicon and germanium. In the 
case of germanium, temperature is set at 500 °C. Germanium has a crystalline point 
of ∼375 °C so it starts as an amorphous material, but as soon as the temperature 
(ramped at ∼2° C/min) hits 375 °C, crystalline grains nucleate and grow so the final 
sample is polycrystalline. Silicon, however, has a crystalline point of ∼700 °C so     __8. Semiconductor modified MOFs 
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during  deposition  (temperature  set  at  either  400  or  500  °C)  it  never  reaches  its 
crystalline point, so it is deposited entirely as amorphous. In the case of silicon, a set 
temperature of 500°C is chosen to deposit pure amorphous silicon, whilst 400 °C is 
favourable  to  maintain  a  higher  level  of  hydrogen  in  the  material,  as  a  lower 
temperature  means  less  hydrogen  diffuses  out.  This  allows  for  deposition  of 
hydrogenated amorphous silicon, as will be confirmed by Raman measurements in 
Section 8.2.2.3.  
 
Figure  8.3  Schematic  of  the  high  pressure  CVD  process  for  semiconductor 
deposition in a capillary. 
A further annealing step is performed on amorphous silicon samples deposited at 
500°C  in  order  to  obtain  polycrystalline  silicon.  Samples  deposited  at  higher 
temperatures were chosen as they are expected not to contain hydrogen, which may 
diffuse out during the annealing leaving behind unwanted defects. The annealing 
consists of an increase of temperature up to ∼725 °C holding for 30 minutes and then 
a further raise to 1325 °C for 20 minutes. Samples are then left to cool to room 
temperature inside the furnace before being removed.  
High  pressure  CVD  permits  the  deposition  of  uniform  annular  material  which 
conforms to the internal walls of the MOFs (see Figure 8.1), thus maintaining a 
highly smooth semiconductor silica interface [219]. This property is highly desirable 
for waveguide applications as scattering losses at the interface are expected to be     __8. Semiconductor modified MOFs 
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negligible. Complete filling has also been achieved over lengths of a few centimetres 
(typically ∼1 cm but complete filling over almost 7 cm has been obtained).  
The set up used was completely custom made at Penn State University, with the 
advantage of being able to change almost all the parameters, such as the precursor 
concentration,  the  pressure  and  the  deposition  temperature.  Figure  8.3  shows  a 
schematic of the deposition process and the parameters involved. The optimisation of 
the instrumentation and of the process itself is ongoing. Thus, although low losses 
observed  in  the  samples  indicate  good  deposition  parameters,  there  is  scope  for 
further optimisation. 
Owing to the complexity of the process, an experimental trial and error approach has 
been chosen to determine the optimum parameter values, as also traditionally takes 
place for standard CVD. The condition of laminar gas flow is not easy to meet in 
practice,  since  especially  when  the  hole  diameter  is  reduced  to  under  50  nm 
irregularities in the deposition thickness may occur that potentially result in the hole 
being plugged.  
Complete filling of the capillary could, in fact, be attributed to these irregularities 
occurring towards the final part of the deposition channel which ultimately cause the 
channel to seal (no bubbling is observed in the mineral spirit) so the channel fills 
backwards from this point. In the instance when these irregularities instead occur at 
the beginning of the channel, the capillary will not be completely filled and a hollow 
cylindrical shaped sample is obtained. 
8.2  Morphological Characterisation 
Semiconductor modified fibres obtained, as described above, are firstly examined 
from the side under a microscope to quickly identify areas with uniform deposition 
(see Figure 8.4), which are the good candidates to proceed to further analysis. This is 
possible due to the high refractive index of the semiconductors and thus their high 
reflectivity,  which  makes  them  appear  as  bright  wires  inside  transparent  silica. 
Consequently darker areas in the semiconductor wire are indicative of non uniform 
deposition. The areas of uniform deposition which are normally a few centimetres     __8. Semiconductor modified MOFs 
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long are cut out of the main fibre for further cross sectional imaging and structural 
examination. 
 
Figure  8.4  Microscope  images  of  germanium  modified  capillaries:  (a)  the 
bright uniform golden wire is indicative of homogeneous deposition (b) the wire 
presents darker areas (some highlighted with white circles), indicating non 
uniform deposition. 
8.2.1  Silica etching process 
In some cases exposure of part of the deposited semiconductor wire was required 
both  for  investigating  their  semiconductor silica  interface  using  imaging 
(Section 8.2.2)  and  in  order  to  realise  electrical  contacts  for  FET  measurements 
(Section 8.3.2). For these purposes a selective etching process has been used in order 
remove the silica template and expose the required part of semiconductor. 
Silica has been selectively etched using a ~20% buffered solution of hydrofluoric 
acid (HF) in water. It was found that a weaker buffer (<15%) would not etch or be 
too  slow,  whilst  a  stronger  buffer  (>30%)  would  etch  irregularly,  attacking  and 
permeating the semiconductor/silica interface as shown in Figure 8.5.     __8. Semiconductor modified MOFs 
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Figure 8.5 Microscope image of 5  m diameter silicon wire etched out of a 
silicon modified capillary using a 30% buffered solution of HF in water.  
For  the  etching  process  a  Teflon
®  bar  was  used  as  a  fibre  holder,  owing  to  its 
resistance to HF: samples were placed vertically along the purpose built v grooves, 
protruding by ∼1 mm on the underside of the bar. The bar was then placed on a 
Teflon
® container of ∼2 ml capacity where the HF buffered solution was held. A 
schematic of the set up used is shown in Figure 8.6. During the process the HF would 
etch  the  silica  both  transversally,  reducing  the  external  diameter  of  the  glass 
capillary, and vertically from the base, leaving the semiconductor wire exposed at a 
rate of ≈ 0.1 µm/min. 
 
Figure 8.6 Schematic of the etching set up. Inset shows a close up microscope 
image of the etched end of a sample after the process, where a semiconductor 
wire is visibly exposed.     __8. Semiconductor modified MOFs 
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A further etching process has been performed on polycrystalline silicon modified 
capillaries to investigate their grain size. This process is known as Secco etching 
[222] and its formulation consists of one part of HF with 2 parts of a 0.15 M solution 
of K2Cr2O7 (potassium dichromate) in water. In this technique potassium dichromate 
penetrates and oxidises the silicon grain boundaries, reducing them to silica, whilst 
the HF etches them away. The process only lasts 20 seconds and the samples have 
then been investigated using SEM as shown in the next section. 
8.2.2 Imaging and structural characterisation 
The first step in the characterisation of the selected samples requires imaging and 
structural investigation of the deposited semiconductor, in order to assess the good 
quality of the material. In fact, in polysilicon, a high percentage of crystalline area is 
desirable for optical transmission of light, over defects and grain boundaries, which 
can be instead a source of scattering losses (see Section 6.2.2.2 ).  
 
Figure 8.7 (a) SEM micrograph of a polysilicon wire etched out of the silica 
capillary and treated with Secco etching to highlight grain boundaries. Scale 
bar 50 µm. (b) Close up of the polysilicon wire surface. Scale bar 2 µm.(c) The 
grain boundaries are highlighted by blue lines. Scale bar 2 µm.     __8. Semiconductor modified MOFs 
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This analysis has been performed using SEM imaging of Secco etched polysilicon 
modified capillary, TEM imaging of polysilicon samples and Raman spectroscopy of 
a range of both silicon and germanium modified capillaries.  
8.2.2.1  Scanning Electron Microscopy 
In scanning electron microscopy a collimated beam of electrons is accelerated by 
high voltages (100 V to 100 kV) and focused through a series of electrostatic and 
magnetic lenses onto the sample under study. The number of back scattered and 
secondary electrons that emerge from the sample depend on the local composition 
and topography of the sample. Once detected, they are plotted as a function of the 
beam position, generating a 2D image of the object under investigation. 
Figure 8.7 shows an SEM micrograph of a completely filled 5 µm core polysilicon 
modified capillary that has been treated with buffered HF etching and Secco etching 
as described in Section 8.2.1. In (a) a ∼50 µm long silicon wire is protruding from 
the silica cladding, whilst in (b) a close up of the wire surface is shown and in (c) the 
grain  boundaries  are  highlighted  by  blue  lines.  The  grain  boundaries  of  the 
polycrystalline silicon have been exposed via the Secco etching and can be identified 
by the deep dark channels. The grain size can be estimated to range between 500 nm 
and 1 µm. 
8.2.2.2 Transmission Electron Microscopy 
TEM  imaging  technique  has  been  introduced  in  Section  3.3.1  together  with  the 
selected area diffraction pattern. For this analysis, the semiconductor modified fibre 
was sectioned using a focused ion beam, obtaining a sample less than 100 nm thick. 
An annealed silicon sample has been investigated using TEM analysis to study its 
crystalline structure and understand the size and quality of the crystalline grains. 
Grain size has been confirmed to vary between 0.3 µm and 1 µm and an example of 
an observed grain is shown in Figure 8.8 (a). Closer investigation of the crystalline 
area reveals the high quality nature of the silicon, as shown by the ordered silicon 
atoms in Figure 8.8 (b). Further confirmation is provided by the electron diffraction 
pattern taken in the same area (Figure 8.8 (c)).     __8. Semiconductor modified MOFs 
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Figure 8.8 TEM micrograph of polysilicon deposited in the fibre. (a) Example 
of a crystal grain (dark area), scale bar 300 nm. (b) Close up in the crystalline 
area: silicon atoms visibly ordered in the lattice. Scale bar 5 nm. (c) Electron 
diffraction pattern collected in the crystalline area.  
8.2.2.3 Raman Spectroscopy 
Raman  scattering  theory  has  been  introduced  in  Chapter  2  together  with  the 
corresponding  spectroscopic  technique.  Raman  spectroscopy  has  been  used  on  a 
range of samples in order to provide information on the nature of the material (single 
crystal, polycrystalline and amorphous) and to reveal any evidence of strain in the 
lattice at the semiconductor/silica interface. 
Raman spectra were taken using a conventional Renishaw Raman spectrometer in a 
backscattering geometry with a 633 nm HeNe laser source, operating at a typical 
power  of  3  mW  and  using  a  50×  objective  which  corresponds  to  a  spot  size  of 
~2  m. Raman spectra of germanium and silicon modified fibres have been taken by 
focusing the laser on the semiconductor wire through the transparent glass capillary 
and were compared with the corresponding bulk single crystal wafers.  
Raman spectra taken for germanium deposited inside the fibre and a single crystal 
germanium wafer are shown in Figure 8.9 [228]. Deposited germanium shows a peak 
at 299.85 cm
 1 with a 3.1 cm
 1 FWHM, while the single crystalline germanium wafer 
shows a peak at 300 cm
 1 with 2.4 cm
 1 FWHM. Peak widths were obtained by using     __8. Semiconductor modified MOFs 
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Figure 8.9  Raman spectra of germanium deposited in fibre, compared to single 
crystal germanium wafer control sample [228].  
a Voigt fit, which consists in a combination of gaussian and lorentzian profiles. The 
very small shift in the position of the peak indicates little or no strain between the 
germanium wire and the silica due to germanium not bonding to silica, whilst the 
broadening observed in the deposited germanium peak compared to the single crystal 
germanium indicates a polycrystalline nature of the deposited semiconductor. 
Silicon  modified  capillaries  with  ∼6  µm  core  diameter  fabricated  under  different 
conditions have also been investigated: two amorphous silicon deposited at ~500 ºC 
and  ~400 ºC  and  three  samples  of  polycrystalline  silicon  deposited  at  ~500 ºC 
annealed at three different temperatures (1125 ºC, 1200 ºC and 1325 ºC). 
Raman spectra for both the amorphous silicon samples deposited at 400 °C (solid 
line) and 500 °C (dashed line) are plotted in Figure 8.10. These both exhibit a strong 
broad  peak  around  480 cm
 1  and  some  weaker  peaks  at  300 cm
 1  and  410 cm
 1 
associated with the amorphous silicon [229]. Measurements taken at larger shifts in 
the  spectrum  (see  inset)  reveal  a  peak  around  2000 cm
 1  associated  with  the 
stretching mode of Si H bond [230, 231] in the first sample that is not observed in 
the second. This result confirms that amorphous silicon deposited at 400 °C is in fact 
hydrogenated amorphous silicon whilst silicon deposited at 500 °C is amorphous 
silicon with a low hydrogen content, if any.     __8. Semiconductor modified MOFs 
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Figure 8.10 Raman spectra of amorphous silicon deposited at 400 °C (solid 
line) and 500 °C (dashed line). Inset shows peak around 2000 cm
 1 associated 
with the presence of hydrogen in silicon deposited at 400 °C (solid line) that is 
not detected in silicon deposited at 500 °C (dashed line). 
Raman spectra for the silicon modified capillaries annealed at 1120 °C, 1200 °C and 
1325  °C  are  plotted  in  Figure  8.11,  together  with  a  single  crystal  silicon  wafer 
spectrum as a control sample (bottom curve). From the fitted curves (dashed curves) 
values can be obtained for the peak position, peak width and asymmetries.  
Firstly, deposited silicon annealed at 1125 °C, 1200 °C and 1325 °C show peak 
widths (from Voigt fits) respectively of 5.1 cm
 1, 4.5 cm
 1 and 3.0 cm
 1 and present 
small asymmetries. 
 
Figure 8.11 Raman spectra of silicon modified capillary annealed at 1125 °C, 
1200 °C and 1325 °C. Single crystal silicon wafer spectrum is also plotted as 
reference. Curves are offset for comparison.     __8. Semiconductor modified MOFs 
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Comparing these values to the single crystal control sample peak width of 2.7 cm
 1, 
the larger width seen in the deposited silicon, particularly for the lower temperature 
annealed samples, are consistent with the polycrystalline nature of the material and 
are  due  to  defects  and  crystal  irregularities  surrounding  the  crystalline  grains. 
Moreover the reduced peak width for the higher annealing temperature is associated 
with a reduced content of defects in the material, thus an improved crystalline quality 
is achieved by raising the annealing temperature. 
The position of the peaks for silicon deposited in the fibres occurs at 517 cm
 1 for the 
samples annealed at 1125 °C and 1200 °C and at 518 cm
 1 for the sample annealed at 
1325 °C. All peaks are redshifted compared to the single crystal silicon control peak 
(520 cm
 1). The shift is associated with the strain at the silicon/silica interface, as 
silicon bonds more strongly with silica. The strain is originated upon cooling from 
annealing temperature by the difference in thermal expansion between the silicon 
wire and the silica fibre.  
8.3  Electrical characterisation 
Electrical characterisation of the semiconductor modified fibres is fundamental as it 
provides information about the deposition uniformity along the fibre length and other 
key  parameters  such  as  resistivity,  carrier  type,  mobility  and  concentration.  FET 
measurements  were  carried  out  to  obtain  values  of  these  key  parameters  for  the 
deposited  material,  hence  deducing  an  indication  of  the  quality  of  the  deposited 
material by comparing the experimental values with the corresponding parameters 
reported for crystalline silicon. Three terminal measurements were preferred over 
two terminal measurements, as the latter would only provide resistivity information, 
and over the four terminal measurements as experimentally more practical to realise.    
After  an  introductory  section  on  field  effect  transistors,  the  realisation  of  FET 
devices using semiconductor modified capillaries will be described and results of two 
and three terminal measurements for both polycrystalline germanium and silicon will 
be  reported.  Being  part  of  the  preliminary  investigations,  reported  measurements 
were conducted on germanium deposited at 500 °C and silicon deposited at 750 °C      __8. Semiconductor modified MOFs 
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Figure 8.12  Schematic of a Field Effect Transistor: applying a voltage at the 
gate induces a deformation in the channel between source and gate. 
(just  above  the  respective  crystal  nucleation  temperatures)  without  any  further 
annealing process. Although  results show an overall underperformance compared 
with values reported in the literature for polycrystalline germanium and silicon, these 
are the first electronic devices demonstrated in semiconductor optical fibres [228]. 
8.3.1  Field Effect Transistors 
An  FET  device  relies  on  an  electric  field  (Vgs  applied  between  gate  and  source 
terminals) to modulate the shape and hence the conductivity between the source and 
the drain terminals (see Figure 8.12). 
 
Figure 8.13  Characteristics of a typical n channel FET. a) Ohmic behaviour in 
the green area and saturation in the yellow area. b) After the pinch off, the 
current Ids depends on the voltage applied to the gate, Vgs. 
VSOURCE  IDRAIN 
VGATE 
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The  basic  properties  of  an  FET  are  described  by  two  characteristic  curves, 
determined by the drain current Ids as a function of the source voltage Vds and of the 
gate voltage Vgs. Figure 8.13 shows typical characteristic curves of an n channel FET 
(electrons are the main carriers). The first graph (a) shows that the FET follows a 
linear (ohmic) behaviour for small values of drain source voltage. When the potential 
difference between the source and drain terminals is large (above a few volts), this 
produces a significant increase of the current in the channel.  
The resulting gradient of potential, from source to drain, causes the shape of the 
depletion  region  to  become  asymmetrical,  because  on  the  other  side  the  gate to 
source potential is constant. This causes the end of the channel to narrow and the 
depletion region begins to close the channel. From this point, called the pinch off, 
any  increase  of  the  drain to source  voltage  will  increase  the  channel  resistance 
proportionally so that the current flow is saturated. Once the Vds is above the pinch 
off condition, the value of gate voltage Vgs determines the value of the constant 
current in the channel as shown in Figure 8.13 (b).  
8.3.2 FET measurements 
For the fabrication of FET devices two samples of polycrystalline germanium and 
silicon modified capillaries with 5 m diameter semiconductor wires were etched at 
both ends, as described in Section 8.2.1, to expose ~200  m of the semiconductor 
core as shown in Figure 8.14. 
∼250 nm of aluminium was thermally evaporated onto the exposed semiconductor 
ends  and  sintered  at  430  °C  for  30  minutes  to  form  ohmic  contacts.  Electrical 
connection to an external circuit, comprising a probe station and an Agilent 4155C 
semiconductor  parameter  analyser,  was  completed  using  indium  gallium  (Ga In) 
eutectic  electrodes  applied  to  the  Al Ge  alloyed  contacts.  An  additional 
capacitatively coupled coaxial gate was also constructed by placing a drop of In Ga 
eutectic onto a ~1 mm long section of the silica cladding.      __8. Semiconductor modified MOFs 
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Figure 8.14 Optical microscope picture and diagram of a germanium optical 
fibre as prepared for electrical characterization [228].  
By applying a bias to this contact it is possible to apply a radial electric field to the 
semiconductor  core,  using  the  silica  cladding  as  a  gate  insulator.  Details  on  the 
electrical parameter calculation method can be found in reference [228]. 
In the case of germanium the sample used had a 94  m external silica cladding 
diameter  and  a  total  length  of  11  mm.  Firstly,  two  terminal  measurements 
D S dI dV for  Vg=0  were  performed  obtaining  the  value  of  the  resistance  of  the 
semiconductor core, with a correspondent resistivity calculated to be 5.6×10
 2  cm 
[228]. As the gate bias voltage is varied from  100 to +100 V (Figure 8.15) the 
conductance increases, indicating n type carriers. 
 
Figure 8.15  Conductance measurements as a function of gate voltage (+100 to 
 100 V in 50 V steps) for germanium modified capillary. An increase in the 
resistance  (curve  slope)  when  the  gate  voltage  increases  indicates  that  the 
semiconductor is n type [228].      __8. Semiconductor modified MOFs 
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Figure  8.16    Transconductance  measurements  for  germanium  modified 
capillary. The pinch off point is visible around VG ≅ 100 V. 
Electron mobility was calculated from the transconductance characteristic shown in 
Figure 8.16. For a 10 V source a transconductance value dId / dVg ≈ 5×10
 11 A/V was 
calculated,  obtaining  an  estimated  mobility  of  1.05  cm
2/Vs  at  room  temperature 
[228].  Comparing  this  result  with  the  typical  value  for  bulk  polycrystalline 
germanium  at  room  temperature  which  is  ~100  cm
2/Vs  [232],  the  low  carrier 
mobility  in  the  investigated  samples  can  be  attributed  to  high  carrier  scattering 
occurring during transport at defects sites, grain boundaries and lattice dislocation. 
The concentration of free carriers was estimated by considering the gate voltage at 
which “pinch off” occurs for a drain current Vg (pinch off) ≅  100 V as shown in 
Figure  8.16  which  corresponds  to  a  calculated  free carrier  concentration  of 
2.1×10
15 cm
 3.  
The  same  set  of  measurements  have  been  conducted  on  a  polycrystalline  silicon 
sample  (750  °C  deposition  temperature)  with  a  length  of  18  mm  and  cladding 
diameter  of  125   m.  Taking  into  account  a  5  µm  diameter  core,  two  terminal 
measurement (Vg=0) results indicated a calculated resistivity of 0.21  cm. In this 
case, the carrier mobility and concentration were calculated to be ∼1.4×10
 2 cm
2/Vs 
and 6.6×10
15 cm
 3, respectively. As before, in this case the estimated carrier mobility 
is considerably lower than the value reported in the literature for polysilicon, which 
ranges from 10
2 to 10
4 cm
2/Vs.       __8. Semiconductor modified MOFs 
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In conclusion, both silicon and germanium samples deposited at 750 °C and 500 °C 
respectively, exhibit carrier mobilities which are at least two order of magnitude 
lower than the corresponding values reported in the literature for conventional planar 
samples. This has been attributed to charge scattering and charge recombination at 
the  grain  boundaries  which  may  include  nanocrystals  and  amorphous  material. 
Furthermore,  grain  size,  quality  and  consequently  carrier  mobility  is  expected  to 
improve  for  higher  deposition  temperatures.  This  is  consistent  with  germanium 
showing the best sample to reference mobility ratio which can be attributed to the 
deposition  temperature  being  further  from  the  crystal  nucleation  point  ( T  = 
Tdeposition Tcrystal = 125 °C) compared with the silicon deposition temperature ( T = 50 
°C). 
The  electrical  characterisation,  described  above,  provided  information  on  the 
deposited material and, consequently, adjustments on the fabrication method were 
introduced in order to improve material quality. Annealing temperatures are now set 
at 1325 °C, limited only by the silica melting point at ∼1625 °C. Samples annealed at 
high temperature are expected to give much better results also in terms of electrical 
behaviour, which is part of the future work. 
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Chapter 9 
9.Optical transmission 
measurements of Si-modified 
MOFs 
Silicon  is  well  known  as  an  electronic  material  and  its  technology  has  been 
developed for over half a century. As discussed in Section 7.3, with the on chip 
technology  now  reaching  its  speed  limit  due  to  slow  interconnection  (bottleneck 
effect), silicon has attracted growing attention for possible applications as a photonic 
material owing to its high refractive index and infrared transparency. Another silicon 
optical property is its high Kerr coefficient, which makes it appealing also for non 
linear photonics.  In particular, the first silicon Raman laser has been realised by 
Boyraz and Jalali [177], opening the potential for an on chip silicon laser source. In 
order to target these applications for our semiconductor modified fibres, the obvious 
starting point is the full linear optical characterisation of silicon filled capillaries to 
determine  linear  loss  parameters  and  mechanisms.  In  fact,  before  the  nonlinear 
optical properties of these fibres can be exploited linear transmission losses need to 
be reduced under 3dB/cm. 
As seen in Chapter 7, silicon has been successfully deposited in the pores of MOFs 
and it has been structurally characterised. Although fabrication parameters identified     9. Optical transmission measurements of Si-modified MOFs 
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during  the  structural  characterisation  were  indicative  of  a  good  quality  of  the 
deposited materials by the PSU team, a further level of refinement of the fabrication 
parameter values was obtained at this stage, aimed at achieving a complete filling 
over some length of the capillary. As part of the deposition optimisation process, a 
range of samples were inspected for complete filling, providing a feedback to the 
collaborators at Penn State University. Successful samples were then prepared (see 
Section  9.1)  and  optically  characterised.  Firstly,  single  wavelength  loss 
measurements  at  1550  nm  were  performed  in  order  to  establish  the  order  of 
magnitude  of  the  optical  losses  for  each  sample.  Then,  wavelength  dependent 
transmission losses measurements were performed on samples that showed losses 
under 30 dB/cm (at 1550 nm) in order to establish the linear loss mechanisms and 
ensure that the quality of the deposited material was high enough to reduce optical 
losses to a few dB/cm, which is the first step towards the realisation of a wide range 
of optical devices. 
Specifically, wavelength dependent loss measurements on a range of low loss silicon 
modified  capillaries  (amorphous,  hydrogenated  amorphous  and  polycrystalline 
obtained using different annealing conditions) have been performed to identify the 
scale and the nature of transmission losses for each core material. Details of the 
optical  transmission  set  up  used  will  be  provided  in  Section  9.2,  whilst  loss 
measurements obtained using a cutback technique will be presented in Section 9.3. 
These  results  demonstrate  measured  polysilicon  loss  values  that  are  some  of  the 
lowest reported (~8 dB/cm at 1550 nm), while the amorphous silicon sample yields 
the lowest loss value amongst all the tested samples at ~5 dB/cm (1550 nm). Both 
amorphous  and  polysilicon  modified  fibres  can  potentially  be  used  for  signal 
processing functions in all fibre networks [217].  
9.1  Sample preparation 
Silicon modified capillaries were received as samples that are few centimetre long, 
without any coating and thus very fragile. The capillaries have an external diameter 
of ~175  m, while the internal diameter corresponded to the diameter of choice for 
the  silicon  wire  to  be  investigated.  Samples  fabricated  at  PSU  were  received  in     9. Optical transmission measurements of Si-modified MOFs 
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batches of 3 6 silicon modified capillaries, typically ~20 cm long. These samples 
were  analysed  and  tested  as  described  below  and  feedback  was  reported  to  the 
fabrication team. Overall, about 100 silicon modified fibres were received for optical 
characterisation, 60 of which were 6  m amorphous silicon core fibres (40 a Si and 
20 a Si:H), 30 were 6  m polysilicon core fibres and the remaining 10 were 1  m 
polysilicon core fibres. Firstly, the transverse sections on both ends of the fibre were 
observed under the microscope (up to 100× magnification) to ensure that complete 
filling was achieved. If a hole was observed, a length of the sample would be cleaved 
off (3 4 mm in case of a large hole, ~1 mm in case of a small hole) and the newly 
exposed section observed again. This process was repeated until there were no holes 
at  either  end  of  the  sample.  Initially,  starting  with  a Si  core  fibres,  most  of  the 
samples were not completely filled (only 2 samples out of the first 20 a Si silicon 
core samples), but the deposition success rate grew relatively quickly thanks to the 
feedback provided, so that the fabrication team is soon expected to routinely produce 
completely  filled  samples.  Then,  Poly Si  and  a Si:H  6   m  core  samples  were 
fabricated as described in Section 8.1.1. Finally, 1  m core samples were fabricated 
and analysed once satisfying results had been obtained with the 6  m core samples, 
so they benefited from the advancement in the optimisation of the filling process. 
Overall about 2/3 of the received samples revealed an incomplete filling, obtaining a 
number  of  samples  as  shown  in  Table  9 1.  Where  observed,  a  completely  filled 
section could be over 2 cm long, but typically was in the order of 1 cm. 
 
 
  Number of samples 
fabricated   100% filled  
6  m a Si
  40
  6
 
6  m a Si:H
  20  8 
6  m poly Si  30  11 
1  m poly Si  10  4 
Table 9-1 Total number of silicon modified samples which were fabricated and 
number  of  samples  that  were  found  completely  filled  at  the  cross section 
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In order to facilitate handling, the selected sample placed in a hosting capillary of 
about  200   m  internal  diameter  and  secured  using  wax  or  epoxy  resins  (brown 
substance in Figure 9.1), which infiltrate the interstice between sample and hosting 
capillary by capillary effect. The fluid would then harden by cooling down (wax) or 
heating up (epoxy resin) on a hot plate.  
Both ends were then finished with a polishing process, necessary to ensure good 
coupling in the optical transmission measurements. Polishing paper from 9 µm down 
to 500 nm grade was used in consecutive steps until the surface appeared completely 
smooth under microscope, as shown in Figure 9.1. 
 
Figure 9.1 Microscope imaging of a 6 µm core silicon modified capillary after 
polishing process. Epoxy resin (brown) and hosting capillary are also visible. 
Occasionally at this stage the smooth surface revealed holes in the silicon core which 
may  have  been  too  small  to  be  noticed  before.  Air  holes  in  the  core  are  highly 
undesirable  for  optical  transmission  purposes  as  they  create  spots  with  a  high 
refractive  index  contrast,  thus  generating  strong  scattering  in  the  guided  light. 
Therefore holes would be eliminated by further polishing. The final length of the 
treated sample was generally between 5 and 7 mm.      9. Optical transmission measurements of Si-modified MOFs 
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9.2  Optical transmission set up 
Samples found to be completely filled were mounted and tested via transmission 
measurements. A first measurement of the optical transmission of each sample was 
taken  at  1550  nm  with  the  set up  designed  for  wavelength  dependent  loss 
measurements, which is represented in Figure 9.2. 
Firstly, the source consists of a Fianium supercontinuum fibre laser combined with a 
tunable acousto optic modulator to select the desired wavelength, which yielded an 
average power of ~0.5 mW per nanometre over the wavelength range 1200 1700 nm. 
This  supercontinuum  source  has  been  chosen  in  order  to  obtain  a  wavelength 
dependent  profile  of  the  optical  transmission  losses  over  the  entire  telecoms 
wavelength  range.  This  can  provide  additional  information  on  the  nature  of  the 
losses(see Section 9.3.2) in a region of the spectrum which is of interest for future 
applications.   
 
Figure  9.2  Schematic  with  pictured  elements  of  set up  used  for  wavelength 
dependent transmission loss measurements. 
Power meter 
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The selected wavelength is launched into the silicon core using a 40× microscope 
objective, which corresponds to a spotsize of about 2  m. For an optimum coupling, 
the spotsize needs to match or be less than the core size of the fibre, in this case of 
the silicon core. Although this choice is suitable for the 6  m core samples, it is not 
the optimal condition for the 1  m core, which would require a higher magnification 
(hence smaller spotsize) lens. As a result, some of the input power is lost for the 
experiments reported in Section 9.3.3.   
A beam splitter is placed before the input microscope objective in order to direct the 
light reflected back from the input surface (due to Fresnel reflection, see Section 
6.1.3) into an infrared camera allowing for the observation of the surface itself. The 
silicon core appears as a very bright spot due to the high reflection, thus facilitating 
launching.  The  output  is  collected  through  a  40×  microscope  objective  with 
NA=0.65 and directed into an infrared camera (Hamamatsu). This was the highest 
NA available, which has been chosen in order to maximise the collection of the 
output power, as it will be discussed in the next section. Both objectives and the 
sample are placed on 3 independent translational stages, with the central one hosting 
the  sample  also  being  controlled  by  a  piezoelectric  controller  to  optimise  the 
coupling, which was done at each wavelength. Once coupling is optimised, input and 
output powers at each wavelength are measured by a Newport 2832C power meter 
placed as in Figure 9.2. 
Preliminary measurements on a short (4 mm) sample show that for the range of input 
powers  used  a  linear  response  was  measured  for  the  power  coupled  out  of  the 
samples. This experiment was carried out in the same configuration described above, 
replacing the supercontinuum source with a diode laser emitting at 1550 nm, which 
yielded powers up to ~1 mW (see Figure 9.3). Such linear behaviour was expected as 
non linear effects have been reported to appear for input average powers well above 
1 mW in similar configurations (~3  m
2 modal area, 1550 nm) [186], as discussed in 
Section 7.3.  Also  the  overall  losses  of  the  set up,  including  coupling,  will  be 
determined from the loss measurements to be about 60%, as described in the next 
section.       9. Optical transmission measurements of Si-modified MOFs 
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Figure 9.3 Test for optical linear response of silicon samples for the power 
used in the transmission measurements at 1550. 
 
Figure 9.4 Images of 5µm core silicon modified fibre transmission at 1550 nm 
using (a) infrared camera, input coupling not optimised (b) infrared camera, 
optimised coupling (c) 2 D intensity emission profile (arbitrary units) (d) 3 D 
intensity emission profile (arbitrary units). 
Each sample was tested selecting 1550 nm from the supercontinuum source for the 
alignment, yielding Pin≈0.7 mW, and the transmitted light was observed through the 
IR camera and projected on a screen. In case of a lossy [I don’t know if this a 
word]samples (>60 dB/cm) no light was observed even when the sample was as 
short  as  5  mm,  whilst  for  this  sample  length  or  longer,  a  bright  core  would     9. Optical transmission measurements of Si-modified MOFs 
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corresponded  to  measurable  losses.  The  loss  measurements  were  performed 
according to the cut back technique, which will be described in Section 9.3.1.  
Examples of images of the output obtained via the infrared camera are shown in 
Figure 9.4. In (a) coupling is not optimised and the cladding light is visible revealing 
both the core and the inner edge of the hosting capillary, whereas in (b) coupling is 
optimised giving excellent contrast with the background. Intensity profile images of 
the output were taken using an Electrophysics 7290A infrared camera together with a 
Spiricon software and results are also shown in Figure 9.4 (c) and (d).  
Owing to the low overall yield of samples selected through the preparation process, 
only 2 3 samples of each kind showed a considerable transmitted power (Pout≈30  m 
with sample length ~7 mm), except for a Si, which always maintained losses value 
above 40 dB/cm. The best samples obtained during this process were therefore tested 
for wavelength dependent loss measurements and results were compared, as will be 
described in the next section. 
9.3  Wavelength dependent loss measurements 
The linear attenuation coefficient α has been introduced in Sections 6.2 and can be 
calculated using Eq.(6.16), which is given again here:  
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This expression contains the input (coupled) power P0, which can be estimated but it 
is experimentally difficult to determine.  
For example, the silicon modified fibre numerical aperture (seen in section 6.1.2) can 
be calculated from Eq. (6.4) 
( ) 18 . 3
2
1
2 2 ≅ − = Silica Si n n NA                                                          (9.1) 
where nSi is the silicon refractive index in the infrared (~3.5) and nsilica is the silica 
glass refractive index (1.45). This means that the light can emerge at the silicon/air     9. Optical transmission measurements of Si-modified MOFs 
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interface  at  angles  of  up  to  90°,  so  not  all  the  transmitted  power  P(L)  will  be 
collected by the microscope objective due to the mismatch in numerical aperture 
between output emission and collecting lens. Moreover, although experimentally the 
NA  is  not  completely  filled  at  the  input,  light  will  still  emerge  at  the  angle 
determined by the NA, mainly due to scattering mechanisms inside the core.  
In the case of free space coupling in a silicon core, Fresnel reflection (see Section 
6.1.3) also contributes significantly to coupling losses, having been calculated as: 
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therefore  about  30%  of  the  input  light  is  reflected  back  at  the  input  surface. 
Furthermore, surface scattering at both ends of the sample must be considered. Other 
sources of input power attenuation in the set up are identified in both the microscope 
objectives, which are optimised for transmission at 1000 nm. 
For these reasons, wavelength dependent transmission loss measurements have been 
performed in a range of selected samples using a cut back technique. This method is 
commonly used for reliable transmission loss measurements where it is not possible 
to quantify exactly all sources of coupling losses, in that it only depends on the 
attenuation coefficient α (see Sections 6.2) assuming that all the other sources of 
losses do not change.  
9.3.1  Cutback technique 
According  to  Eq.(6.15),  the  attenuation  coefficient  α  for  a  fibre  of  length  L1 
(expressed in cm) can be written as: 
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where P0 is the coupled input power. If the sample is cut back and the sample length 
is now reduced to L2, the new output power will be:     9. Optical transmission measurements of Si-modified MOFs 
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Combining Eq.(9.3) and Eq.(9.4) the attenuation in dB/cm is readily obtained as: 
 


 


−
=
) (
) (
log
10
) (
2
1
10
2 1 λ
λ
λ α
P
P
L L
                                   (9.5) 
where P1=P(L1), P2=P(L2) and the wavelength dependence has been made explicit. 
Transmission measurements were performed on the silicon modified fibre samples 
after preparation (L1 ≈ 6 8 mm) and then a length of ~2 3 mm (L2 ≈ 4 mm) was 
removed from the end (output) surface to perform the second set of measurements. 
Control measurements were performed at an intermediate length (≈ 5 6 mm) in order 
to check that the transmitted light would follow the expected behaviour with the 
wavelength, although these data were not used because of the high relative error. The 
input surface was preserved in order to keep input losses as reproducible as possible. 
The experimental data were analysed using Eq.(9.5) to obtain the optical loss in 
dB/cm as a function of wavelength. 
9.3.2  Comparison of amorphous and polycrystalline 
silicon fibres 
A ∼6  m core capillary has been chosen to deposit a range of materials: amorphous 
silicon  (a Si)  deposited  at  500  ºC,  hydrogenated  amorphous  silicon  (a Si:H) 
deposited at 400 ºC and 3 samples of polycrystalline silicon (poly Si) deposited at 
500  ºC  and  annealed  at  1125  ºC,  1200  ºC,  1325  ºC.  These  samples  have  been 
previously tested using Raman spectroscopy as shown in Section 8.2.2.3. 
Transmission loss measurements showed that the amorphous sample was too high in 
loss to allow for a complete scan through the full wavelength range but an estimated 
loss of ∼48 dB/cm at 1550 nm was obtained. For the other samples the wavelength 
dependent results are shown in Figure 9.5. In all cases the losses decrease with the 
increase of the wavelength, which suggests that scattering mechanisms contribute 
     9. Optical transmission measurements of Si-modified MOFs 
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Figure  9.5  Wavelength  dependent  loss  measurements  for  6   m  silicon  core 
capillaries: polysilicon (p Si) annealed at 1125ºC (triangles), 1200ºC (squares), 
1325ºC (circles) and hydrogenated amorphous silicon (dots). Points represent 
experimental data while the dashed lines are the corresponding λ
 4 fits. 
significantly and this is confirmed by fitting these curves with the λ
 4 dependence 
associated with Rayleigh scattering (see Section 6.2.2.2).  
Owing to the large core size, the light can be considered to travel entirely in the core, 
so  in  the  polysilicon  samples  the  Rayleigh  scattering  must  arise  at  the  grain 
boundaries as discussed in Section 7.3.2.  
Comparing  polysilicon  samples  it  is  clear  that  losses  decrease  with  increasing 
annealing temperatures. This is consistent with the average larger  grains that are 
expected at higher annealing temperatures. In fact larger grains mean that statistically 
in the same volume there will be larger ordered (crystalline) areas and fewer grain 
boundaries. Grain boundaries have been identified as the main reason for optical 
losses  because  of  the  related  scattering  and  the  absorption  by  defect  material, 
therefore reducing grain boundaries by increasing grain size also decreases optical 
losses. Furthermore, polysilicon has a band edge at 1100 nm, so a small contribution 
to the loss due to a tail of the absorption peak should be considered, at the short 
wavelength.      9. Optical transmission measurements of Si-modified MOFs 
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On the other hand, the hydrogenated amorphous silicon sample shows loss values 
which  are  similar  at  each  wavelength  to  the  best  polysilicon  sample  (1325  ºC 
annealing temperature), but decrease with the wavelength at a faster pace. The a Si:H 
loss  curve  exhibits  higher  loss  values  compared  with  the  1325  ºC  annealed 
polysilicon sample for wavelengths below ~1370 nm and lower loss values further in 
the spectrum, achieving the best loss value measured so far at 1550 nm (~5 dB/cm). 
The different trend in the a Si:H sample compared with the poly Si ones suggests a 
different loss mechanism, although in both cases the loss is predominantly Rayleigh 
scattering. a Si:H has a band edge at 730 nm and is expected to have negligible 
absorption  losses  in  the  infrared,  although  some  absorption  may  result  from  the 
unpassivated dangling bonds. Rayleigh scattering is still present due to impurities 
and to the hydrogen, which is believed to cluster in the internal surface of microvoids 
in the material. These defects cause local density fluctuations, which translate in 
local variations of the refractive index and are known to also cause scattering in 
silica glasses [233].  
Residuals of amorphous materials could also be at the origin of the steep slope in the 
1125 ºC annealed polysilicon sample, which shows loss values consistent with the 
other polysilicon samples at the long wavelength, but retains a slope at the short 
wavelength which is more similar to the a Si:H sample. 
Overall the loss values at 1550 nm are summarised in Table 9 2: 
 
6 µm core silicon modified fibre  Transmission Loss @1550 nm 
a Si  ∼50 dB/cm 
a Si:H  5 dB/cm 
1125 °C p Si  22 dB/cm 
1200 °C p Si  15 dB/cm 
1325 °C p Si  8 dB/cm 
Table 9-2 Transmission loss at 1550 nm for a range of ∼6 µm core silicon 
modified fibre      9. Optical transmission measurements of Si-modified MOFs 
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Low transmission losses make the a Si:H samples suitable for applications in both 
linear  optics  and  novel  photonic  devices,  due  to  the  high  non linear  coefficient 
expected in hydrogenated amorphous silicon [145]. The results obtained for 1325 °C 
polysilicon  are  promising,  showing  loss  values  (8  dB/cm  @1550  nm)  which  are 
among the best reported in the literature, but still too high for applications in non 
linear optics.  
9.3.3  Comparison of 6µm and 1µm core polysilicon 
fibres 
The main requirements for non linear processes are a high Kerr coefficient of the 
core material together with a high energy density (as shown in Section 6.2.3). The 
latter can be achieved by reducing the core size of the fibre whilst maintaining the 
light confined inside it. This is possible in the case of a fibre with large core cladding 
index contrast, which allows for the mode and the majority of the energy to be still 
confined in a small, high index core. It is therefore highly desirable to reduce the 
core size of the polysilicon modified fibre, which has a large core cladding index 
contrast, in order to induce non linear effects.  
On the other hand, despite the large index contrast, increasing the mode interaction 
with the core cladding interface also increases scattering losses caused by interface 
roughness.  For  example,  in  rib  waveguides  the  scattering  surface  roughness 
achievable  during  the  fabrication  process  (few  nanometres)  has  often  limited  the 
reduction of the rib size. For this purpose, optical losses in small core polysilicon 
modified fibres have been investigated and compared with the results obtained for 
the large core samples.   
As  discussed  in  Section  8.1.1,  the  deposition  technique  allows  for  strongly 
minimising core/cladding surface roughness as the deposition of amorphous silicon 
is conformal to the very smooth internal surface of a fibre (< 0.1 nm root mean 
square [234]) and the annealing process can keep this interface intact. Furthermore, 
reducing the core size can simply be achieved by choosing a smaller capillary for the 
deposition process; the deposition parameters would need to be adjusted accordingly 
but once the process is optimised the fabrication could be straightforward.      9. Optical transmission measurements of Si-modified MOFs 
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Figure 9.6  Wavelength dependent loss measurements for 1  m diameter core 
polysilicon capillary (circles) and 6  m polysilicon core capillary (diamonds). 
Both samples were annealed at 1325 ºC. Points represent experimental data 
while the dashed lines are the corresponding λ
 4 fits. 
In  order  to  investigate  the  impact  of  the  surface  roughness  at  the  core/cladding 
interface  on  the  transmission  loss,  a  small  core  polysilicon  sample  annealed  at 
1325 ºC has been fabricated inside a ∼1  m core capillary fibre. Loss measurements 
have been performed using a cut back technique as described before and the results 
are plotted in Figure 9.6. Previous measurements obtained for the corresponding 6 
 m core polysilicon sample are also plotted for comparison.  
Measurements  show  that  around  the  telecommunication  wavelength  range, 
transmission  losses  are  comparable  in  both  samples,  suggesting  that  surface 
roughness plays a negligible role in terms of overall transmission losses as expected. 
This  1  µm  core  diameter  polysilicon  sample  annealed  at  1325  °C  is  the  best 
candidate for non linear application so far,  allowing for high  energy density and 
possibly acceptable transmission losses.  
Further investigations for optical non linear applications require a high power laser 
that was not available at the time that these measurements were performed. This 
experiment is part of the future work described in the next chapter.  
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Chapter 10 
10.Summary and future directions 
for Part II 
Semiconductor materials have dominated many modern technologies and group IV 
semiconductors in particular are being established as a photonic material in order to 
replace  metallic  interconnects  [should  that  be  interconnectors?]  which  will  soon 
reach intrinsic speed limits. At the same time, optical fibres still dominate the field of 
data transmission for telecommunications and the introduction of MOFs has offered 
incredible versatility in design and control of guiding parameters.  
Semiconductor modified microstructured optical fibres have been presented as a new 
platform technology that could potentially combine the rich optoelectronic properties 
of  semiconductors  in  a  fibre  geometry.  The  fabrication  process  described  in  this 
thesis consists of a high pressure chemical vapour deposition technique which has 
been demonstrated to deposit high quality silicon and germanium in the high aspect 
ratio capillary pores. This technique is potentially adaptable to many more materials 
and it offers advantages in terms of design, which can be tailored by simply changing 
the MOFs used as template.  
The first target was to achieve deposition of a good quality semiconductor material 
inside optical fibres and this has been demonstrated via structural characterisation.     10. Summary and future directions for Part II 
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SEM, TEM and Raman spectroscopy has shown a uniform, conformal deposition of 
good quality semiconductor materials inside the MOFs, up to the complete filling of 
the pores. Germanium and silicon deposited at relatively low temperatures have been 
found to both show a good electrical response, which is expected to improve for 
samples deposited, and annealed at higher temperatures.  
Once  the  deposited  material  reached  satisfying  structural  properties,  the  optical 
characterisation started. The investigation of the optical properties of semiconductor 
modified optical fibres has been focused on silicon modified fibres due to the silicon 
transparency at telecom wavelengths. Keeping in mind the non linear applications 
targeted in this work, the first main step was identified in bringing linear optical 
transmission losses to a few dB/cm. Also in this case, a range of completely filled 
amorphous  and  polycrystalline  silicon  modified  fibres  have  been  tested  by  loss 
measurements at 1550 nm. These initial tests provided a feedback to the fabrication 
team  to  refine  values  for  deposition  parameters,  bringing  loss  values  down  to 
5 dB/cm at 1550. Then wavelength dependent loss measurements, performed on the 
best  representative  samples,  provided  an  insight  on  the  loss  mechanisms  in 
amorphous and polycrystalline samples, confirming hydrogenated amorphous silicon 
(5 dB/cm at 1550 nm) as the best candidate for both linear and non linear silicon 
photonics  applications.  In  polysilicon,  transmission  losses  have  been  observed  to 
decrease by increasing the temperature of the  annealing step. The lowest loss in 
polycrystalline  samples  measured  at  1550  nm  were  found  to  be  8  dB/cm  in  the 
samples annealed at 1325 °C both in 6 µm core and 1 µm core diameter. This result 
suggests that the conformal deposition of the semiconductor takes on the pristine 
internal surface of the fibre, leading to negligible core cladding interface scattering 
loss.  
Although these loss values are close to the target and are comparable with the best 
results reported in literature for amorphous and polycrystalline silicon waveguides, 
they are not yet low enough for observing significant non linear effects (~3 dB/cm). 
But the feedback work provided to the fabrication team has been proven successful 
and in the future it will keep helping to refine parameters and improving results as 
the theoretical limit for material optical losses in silicon is as low as 0.1 dB/cm. 
Thanks to this feedback described in this thesis, the production of completely filled     10. Summary and future directions for Part II 
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samples went from about 10% about 80% of successful samples and very recently 
has reached nearly 100% combined with losses as low as 0.8 dB/cm at 1550 nm 
(unpublished work). 
For future work, firstly, deposition parameters and annealing temperature can still be 
adjusted  in  order  to  further  reduce  losses.  For  example,  the  amorphous  silicon 
deposition temperature can be optimised in order to maximise the hydrogen content 
which saturates dangling bonds. Also other techniques for the annealing step may be 
explored to achieve larger grains in polysilicon and, eventually, single crystalline 
silicon.  For  example,  a  laser  at  visible  wavelengths  focused  into  the  core, 
transversally to the glass fibre, could heat up the silicon with virtually no effect on 
the silica glass.  
Applications  in  a  range  of  photonic  devices  may  be  investigated.  Two  main 
directions can be identified for silicon modified fibres: non linear devices and mid 
infrared photonics applications.  
Silicon modified fibres with a core diameter <1 µm are the best candidate for non 
linear applications, because of the high energy density, and ultimately single mode 
operation when < 400 nm [169]. Both amorphous and polycrystalline silicon could 
be  used,  as  they  have  a  high  non linear  Kerr  coefficient.  For  non linear  optics 
experiments, such as Raman devices, a pulsed high power laser would be required to 
achieve  high  peak  power  and  overcome  additional  optical  loss  caused  by  TPA 
induced free carriers.  
The first step towards non linear application is the observation of phenomena such as 
self phase modulation or stimulated Raman scattering. The realisation of an all fibre 
silicon Raman amplifier can be considered. To achieve this, an adaptation of the set 
up  used  by  Jalali  and  co workers  to  demonstrate  a  Raman  amplifier  in  a  rib 
waveguide [235] (~1×1   m
2 cross section and 2 cm length)  would be used (see 
Figure 10.1).      10. Summary and future directions for Part II 
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Figure 10.1 Schematic of experimental set up used by Jalali and co workers to 
demonstrate pulsed pump silicon Raman amplifier [235]. 
Here the pump source was a mode locked fibre laser (λp=1427 nm) with 25 MHz 
repetition rate and ~1 ps output pulse width. This pulse was stretched to ~30 ps using 
a standard single mode fibre because the phonon response time in silicon is more 
than 3 ps, and then amplified again. The probe signal at 1542 nm (300 cm
 1 away 
from λp, as dictated by the stoke shift in silicon) is provided by a diode laser, while 
two  polarisation  controllers  are  used  to  set  TE  polarisation  to  obtain  maximum 
coupling in the waveguide and to adjust the relative polarisation of the signal with 
the pump. In the case of silicon modified fibre, the symmetrical cylindrical geometry 
of  the  waveguide  affects  the  shape  of  the  guided  mode  in  that  no  preferential 
direction exists for maximum coupling, hence keeping a TE polarisation of the pump 
would no longer be required. Wavelength division multiplexer (WDM) is used to 
couple both waves into the waveguide and to demultiplex them after the waveguide. 
Finally the signal is detected by a photodiode (PD) and analysed.  
A Raman laser was realised in a similar configuration [177], with the output signal 
looped back using a tap coupler with 5 to 95% splitting ratio and an optical fibre 
(~8 m, to match the cavity round trip with the pump pulse period). In this case they 
used a pump source at 1540 nm (obtaining the lasing at 1675 nm).  
Alternatively mid IR applications could be investigated, as suggested by the results 
obtained from wavelength dependent loss measurements, which showed that in all 
cases  transmission  loss  decreases  at  longer  wavelength.  Moving  towards 
wavelengths longer than 1550 nm can be considered to reduce guiding loss. In Figure 
10.2 the absorption loss of single crystal silicon at room temperature is plotted as a 
function  of  wavelength  from  1–100  µm  together  with  its  refractive  index  [192].     10. Summary and future directions for Part II 
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Moreover, as discussed in Section 7.3, also TPA is strongly reduced in silicon for 
λ > 2.2  m. As a consequence, also non linear absorption losses caused by TPA 
induced free carriers can become negligible. 
 
Figure 10.2  Refractive index and absorption loss of crystal silicon at room 
temperature as a function of wavelength from 1–100µm [192]. 
Ge Si heterostructures have also been proposed for longwave infrared applications. 
Firstly, for wavelengths beyond 1.9 µm germanium also becomes transparent thus 
Ge on Si  waveguides  have  been  proposed  [192]  between  1.9  and  16.7 µm 
transmission  wavelength.  In  these  applications  germanium  can  replace  silica  as 
cladding material, because silica is not transparent in the mid IR. Moreover Si Ge 
structures have also been demonstrated to provide midwave (3 5 µm), longwave (8 
14 µm) and very longwave (30 100 µm or THz) electrically pumped infrared sources 
(quantum cascade emitters) and photodetectors [236, 237].  
Our  group  has  already  reported  sequential  deposition  of  Ge Si  structures  inside 
optical fibre [219], so Ge Si clad core structures could be engineered to move to a 
wider range of wavelength beyond 2 m. Deposition of other materials is also under 
current investigation.      10. Summary and future directions for Part II 
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In  conclusion,  a  range  of  optical  devices  based  on  semiconductor  modified 
microstructured optical fibres can be envisioned starting from telecoms applications 
at the near IR with the potential to extend to mid IR applications. 
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Chapter 11 
11.Conclusion 
In this thesis I have presented two examples of how materials such as metals and 
semiconductors, traditionally used for their electronic properties, can be engineered 
for photonics applications. The fundamental component of this engineering process 
is the ability of utilise micro and nano structures to control their optical properties. 
Metal nanoparticles have plasmonic properties that can enhance optical responses of 
nearby molecules, so they have been impregnated into polycarbonate strips for the 
fabrication of a new class of inexpensive, robust, long lasting plasmonic substrates.  
Together with its electronic properties, silicon also has a high refractive index and is 
transparent  in  the  infrared,  so  it  lends  itself  for  photonics  applications  such  as 
waveguiding.  For  these  reasons  silicon  has  been  proposed  to  replace  traditional 
metallic interconnects for monolithic on chip devices. Further engineering has also 
led to the development of active silicon photonic devices. Part II demonstrated how 
silicon has been successfully deposited inside optical fibres, with good results in 
terms of optical transmission. This technique lays down the fundamentals for a new 
generation of all fibre photonic devices.  
In  both  cases  materials  and  structures  were  quite  different:  metals  and 
semiconductors,  nanoparticles  and  microwires,  planar  substrate  and  optical     11. Conclusion 
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waveguides. These examples of electronic materials applied to photonics could not 
be more diverse, yet they are not unconnected. For example, hybrid devices where 
metallic  nanoparticles  are  used  to  enhance  light  emission  in  silicon  nanocrystals 
[238, 239] or light absorption in silicon thin films for solar cells [240], have already 
being proposed in literature. 
Many  other  materials  and  structures  are  also  being  considered  by  the  scientific 
community to deliver solutions to new technological challenges in these areas. Their 
common ground is the engineering of materials and their substrates, with the ultimate 
aim of manipulating and controlling light on a “small” scale.  
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Appendix A 
Mie theory simulation  
The extinction cross section for a spherical particle of radius a and refractive index 
ns, immersed in a dielectric medium of refractive index nm, can be calculated by Mie 
theory as described in reference [27] as: 
( ) [ ] ∑ + + =
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m = ,  ka x =   and  φn  and  ξn  can  be  expressed  in  terms  of  the  Bessel 
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For computational purpose the scattering coefficients an , bn can be rewritten using 
the logarithmic derivative  
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All  the  above  relations  are  included  in  the  Matlab  code  which  calculates  the 
extinction cross section for silver nanoparticles used to plot Figure 3.10. Data for the 
silver refractive index as function of wavelength were taken from reference [29].  
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Appendix B 
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261114 (2008)  
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